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acceptable approaches for improving the R&M characteristics of advanced
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tures programs.
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A survey was made of in-service experience wi th helicopter airframe structures ,
concentrating particularly on bonded structures and composite materials. The
surveys included visits to Army helicopter depots where typical types of damage
iere examined and discussed. A review was also made of published data on
composites in use with fixed—wing aircraft. It was established that wi th the
~xcept ion of some secondary structure, experience wi th composites in helicopter
airframe applications is very limited , and that quantitative reliabi l ity factors
cannot yet be established. However, it was concluded that the majority of
failures with advanced composites will occur from external causes , primarily as
a result of damage by impact.

Reliability and maintain abili~~
”factors in composite structures design were

identified and defined. The principal damage modes were related to the environ-
~ental hazards encountered by the Army hel icopter and to the level of exposure
if generic airframe structures to these hazards . The damage tolerance of
various composite materials was rated with respect to specifi c types of damage ,
and design characteristics having the potential for mitigating impact damage
lere identified.

Inspection and repair of primary structure were determined to be critical
issues wi th respect to the maintainability of advanced composites. It was con-
cluded that methods being developed for use in the fixed-wing conrunity will be
largely incompatible with the Army field environment and that further work is
eeded to develop suitable techniques. Repair of large area battle damage may

be very difficult , and a modular design approach Is suggested as one of the
iossible solutions to this problem .

.aboratory testing was conducted to assess the damage tolerance of several corn-
osites in both monolithic and sandwich construction , and to test the effecti ve-
ess of simple field-type repairs. Varying degrees of impact tolerance were
lernonstrated , and simple patching techniques were found to be effective for
ome types of damage. Subsurface damage in honeycomb sandwich panels was found
‘n some cases to cause a significant structural weakening of the panel wi thout
roducing visual evidence of damage.

method was developed to assess and rank the R&M characteristics of advanced
;omposite structures designs. The method involves a systematic evaluati on of
:he many variables affecting the reliabi lity and maintainability of helicopter
i rframe structures. Damage potential , damage tolerance, repairability and
-eplaceabili ty are among the key factors evaluated. The product of this ana—
ysis is a qualitative rati ng of structural reliability , hardware reliabili ty
nd maintainability .

method was developed to assess the life-cycle cost potential of advanced
tructures designs. The method uses the results of the R&M assessment and
istorical cost data on present-day helicopter airframes to arrive at a life-
:ycle cost projection for a composite design. Sensitivity studies indicate
:hat advanced composites can be cost effective and that the life-cycle costs
ire dominated by the initial cost of manufecture and by the structural reli-
bility of the design .

he R&M and cost characteristics of four advanced composites concepts , repre-
enting a cross-section of hel icopter airframe structures , were analyzed in
letail. Prelimi nary R&M design guidelines for advanced composite structures
~or Army hel icopters were establ i shed.
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PREFACE
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direction of Mr. Thomas E. Condon of the Reliability , Maintainability and
Mi ss ion Tec hno logy Techn ical Area of ATI .
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structures concepts. Mr. Richard Corbeille of the Reliabilit y and
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INTRODUCTION

The field of advanced composite materials has witnessed remarkable growth
over the last few years. Until recently, applications of composite
materials to aircraft were almost exclusively in the nature of fiberglass
fa ir ings and minor secondar y structures . Whil e fiberg lass and secon dary
structural uses still predominate aircraft applications , advance d compos ite
materials are now being used in a variety of new areas, including the
des ign of pr imary struc ture and major dynam ic com ponen ts. Deve lopment wor k
with advanced composites is expanding enormously, and airframes constructed
entirely from these new materials are now receiving serious study.

Advanced composites offer a number of attractions to the aircraft designer.
They combine high strength with low weight and they are adaptable to a
variety of manufacturing processes. Because they lend themselves to mono-
lithic types of construction , composites eliminate many assembly details ,
reduce complexity and lower manufacturing costs. In many areas composites
have greater damage to leranc e and are more surv iva bl e aga ins t com bat damage
than metals.

An aspect of advanced composites design receiving relatively little atten-
tIon thus far Is the one to which this program is addressed : reliability
and maintainability (R&M) and its associated life-cycle costs. There is
l ittle question that advanced composite structures of almost any conceiva-
ble type can be constructed, and that these structures can be designed to
possess the requir ed s treng th for a ircra ft use . There is some uncer tain ty
about the suitability of these structures for many of the environments in
which they might be placed , however,particularly environments as hostile
and austere as those in which the Army helicopter operates.

The uncertainty connected with the R&M of advanced composite structures
stems in large part from the limited study the subject has received. This
program is an impor tant s tep toward a better unders tand ing of the R&M and
li fe-cycle cost implications of advanced composite structures for Army
helicopters.
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COMPOSITE MATERIALS AND FORMS OF CONSTRUCTION

COMPOSITE MATERIALS

Advance d com pos ite mater ials use d in a i rframe struc tures inclu de fiber
reinforced plastics , sandwich materials and adhesives. Described bel ow
~re generic types of composites considered appropriate for airframe con-struction .

Fiber Reinforced Plastics

The fiber reinforced plastics are thermosetting materials containing a
matrix of epoxy resin and fibers. The fiber materials are fiberglass ,
Kevlar , graphite and boron. The distinctive characteristics of each
material are described below. Typical mechanical properties are listed
in Table 1.

TABLE 1. TYPICAL PROPERTIES OF COMPOSITES AND ALUMINUM

U l t i mate Ul t i mate Tens i le
Material Tension Compression Modulus Density

(psi) (psi) (psi X 106) (lb/in3)

Aluminum (2024 T3) 60,000 37,000* 10.5 .100

Fiberglass/Epoxy
(181 Style Fabric; War p
Direction) 48,C00 50,000 3.4 .067

Fibergl ass/Epoxy
(Unidirectional E-Glass ;
0° Layup) 160 ,000 90,000 5.5 .067

Keviar /Epoxy
(181 Style Fabric , Warp
Direction) 56 ,000 24 ,000 4.5 .048

Graphite /Epoxy
(00 Layup ) 160,000 160,000 17. .055

Boron! Epoxy
(00 Layup) 192,000 360,000 30. .073

*Yield Strength
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Fibergl ass/Epoxy

This composite material has been used in the construction of aircraft
longer than any other. In the common woven form, fiberglass/epoxy is a
relatively low-strength , low-modulus material whose use has been relegated
to nonstructural applications such as fairings , cowl i ngs and doors. It is
the l owest cost composite , and because of the long-term experience with the
material , manufacturing and repair techniques for fiberglass are wel l
developed .

Fiberglass is also available in unidirectional form known as E—glass and
S-glass. These materials have high strength—to-weight ratios and excellent
impact characteristics , and have been used in such structura l applications
as cargo floors and helicopter rotor blades .

Kevi ar/Epoxy

Keviar/epoxy is a relatively new aramid fiber material produced by the
DuPont Company. It has a lower density than fiberglass although its ten-
sile strength is hi gh. A very low compression strength restricts its use
in applications where compression loads are significant. Keviar is straw-
colored as opposed to the translucent quality of fiberglass , which makes it
slightly more difficult to laminate . It also requires special techniques
for drilling and trinring . Conventional metalworking tools produce ragged
edges when used on Kevl ar.

Graphite/Epoxy

Graphite/epoxy is a high-strength/high-modulus material that is used for
primary structure applications . It is also a less ductile material which
makes it very susceptible to stress concentration effects and impact damage.

Graphite/epoxy is expensive ; prices currently range between $40 and $80 per
pound . However, due to expanded use and increased production , the cost per
pound has been dropping and is expected to continue to do so in the fore-
seeable future.

Boron/Epoxy

Boron/epoxy is a high-strength material wi th an extremely high modul us of
elasticity . It is most useful in structures designed for stiffness or
compression strength . The cost of boron/epoxy is much higher than that of
other composite materials including graphite . Boron/epoxy has very large
diameter fibers that are stiff flexurally; therefore, the material can
only be formed to gentle contours. In addition , drilling and trinining can
only be accomplished wi th special tools of the diamond-coated variety .

Hybrids

Hybrid composite designs are achieved by combini ng various materials. In
such desi gns , materials are combined in a manner that takes advantage of

18



their unique individual properties . Combining Kevlar skins with graphite
st i ffeners, for example , produces a structure with the shear and impact
strength of Kevlar and the compression strength of graphite . Through the
use of hybrids , structures can be optimized for particular conditions.

SANDWIC H CORE MATERIALS

Honeycomb and foam are the basic types of filler material used for sandwich
structure. Typical properties of these materials are listed in Tabl e 2.

TABL E 2. TYPICAL PROPERTIES OF CORE MATER IALS

Compressive Shear Compression
Material Density Strength Strength Modulus

(lb/ft3 ) (psi) (psi) (psi)

Syntactic Foam 35 6,000 1,800 26 ,000

Polyurethane Foam 8 210 84 5,600

Aluminum Honeycomb 6 680 455 240,000

Nomex Honeycomb 6 825 260 60,000

Honeycomb

Honeycomb is a hexagonal-shaped cellular material made from metal foil or
plastic sheet. Both varieties are procured in slabs of the required thick-
ness and then machined to final form or shape .

Aluminum honeycomb has the highest shear strength of the standard honey-
comb materials. The plastic honeycombs have lower strength but are more
resistant to corrosion . The most common plastic honeycomb used in aircraft
applications Is Nomex . This product is DuPont’s nylon-fiber paper treated
with a heat—resistant phenolic resin. It is not as strong as aluminum
honeycomb but offers greater resiliency , making it attractive for appli-
cations where impact may be experienced .
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Foams

Foams are very lightweight, low-strength materials that are normally pre-
cas t to shape and use d as fil lers to se parate and prov ide form to fac ing
material during lamination. They are also used to provide a stabilizing
effect against buckling in certain applications.

Polyurethane foam is typical of the nonstructural foams. It is a two-part
foam made by mixing premeasured amounts of two chemicals that form a gaseous
reaction . This operation must be carefully controlled to produce consistent
quality .

For s truc tural forms , heavier syntactic foams are used. These foams con-
tain glass micro-balloons (small hollow glass spheres) mixed in an epoxy
matrix. Al so used to inhibit crushing of lightweight core materials , the
syntactic foams are more easily produced than the two-part gaseous foams
and can be cas t In p lace in some appl ica tions.

ADHESIVES

Two generic forms of structural adhesive are used : paste and film. The
film adhesives are made in thin sheets that are placed between the surfaces
to be bonde d, brought into intimate contact by pressure or clamps and
heated to effect a cure. The film adhesives offer maximum bond strength
but require special preparations . These include maintaining strict
cleanliness of faying surfaces, precise fitting to Insure bond line uni-
formity and accura te con tro l of tempera ture for cur ing .

Paste adhesives generally have lower strength than film adhesive but are
able to acconiiiodate a certain amount of variation between faying surfaces.
Room-temperature-cure adhesives are available but have poorer properties
than the hot-bond adhesives.

MATERIAL FORMS

Composite structure is formed from laminated plies of composite material .
The individual plies are made from fabric or unidirectional tape.

Fabric

Fabric material is made by weaving strands of fibers in a mutually perpen-.
dicular pattern to form a cloth (Figure 1). Structural properties of the
fabr ic are or thotro pi c , with the highest strenth and stiffness in a direc-
tion parallel to the fibers. This requires that fabric be properly ori-
ented with respect to the applied loads (Figure 2).
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Unidirectional Tape

Unidirectional tape consists of collimated fibers in a resin matrix
(Figure 1). Extremely high strength properties are obtained parallel to
the f ibers , but the mater ial is very weak in a direction perpendicula r to
the f ibers . As a result , laminates constructed from unidirectional com-
posites are cross-plied to provide off-axis load capabili ty . Figure 3
shows the var~ation in l ami nate tensile strength with pl y orientation . In
the fi gure , 0 indicates plies oriented in the direction of the loading,
+ 45° indicates plies with that degree of orientation to the loading and
+ 900 indicates pl ies oriented perpendicular to the loading .

E E -I~~~~~~ — — - - - — - - ~~~~::::_H-
~ 120

% + 45~ Plies

Figure 3. Ult imate Tensile Strength of High-Strength
Graphite/Epoxy

CONSTRUCTI ON FORMS

With composite  construct ion , the st ructural members of an airframe are
fabricated from monolithic sheet , stiffened sheet and sandwich panels .

Monoli t h i c  Sheet

Monol i thic structures are laid up as a series of individual plies of rein-
forced fiber/epoxy material cured to form a solid l ami nate as shown in
Figure 4. The individual plies may be made from fabric or unidirectional
tape . Monolithic panels are generally thicker than sandwich panels for
equivalent loading , since the load is carried by a single member instead
of two facings. They are also more flexible than sandwich panels and this
resilience enhances impact strength. Without the aid of stiffeners,
monolithic construction is suited only to light fairirigs and covers .
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Stiffened Sheet

St iffeners are coninonly added to monolithic panels to prevent shear or
compression buckling. There are three basic forms of stiffeners as shown
in Figure 5.

Hol low Core

Foam Core

Open Section

The closed section stiffeners are inherently more stable than open section
stiffeners and are therefore more resistant to twisting or buckling types
of fa i lure .

Sandwich Panels

The sandwi ch panel typically cons ists of two facings separated by a core
as shown in Figure 6. The facing may be of any structural material ; the
core is either honeycomb or foam. Sandwich panels do not require stif-
feners, which has the advantage of lowering parts counts and fabrication
steps. The facings of sandwich panels are thinner than equivalently
loaded monolithic panels and hence are more easily damaged . In addition ,
the bond interface between the facings and the core introduces a failure
mode that may be difficult to detect.

METHODS OF ASSE~~LY

Composite structures are assembled by one or a combination of three
methods :

Co-Curing

Adhesive Bonding

Mechanical Fasteners

Co—Curing

Co—curing is the manufacturing process by which several components are
laid up individually using pre-Impregnated material and then brought into
intimate contact under pressure and cured together as an integral assembly.
The disadvantage of co-curing is that the joined components are inseparabl e
for practical purposes , and must be cut apart when replacement is necessary .
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HOLLOW SECTION FOAM CORE

OPEN SECTION

Figure 5. Stiffener Forms
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~~1~~~HH ~~~~~~~~HONEYCOMB SANDWICH

FOAM SANDWICH

Figure 6. Forms of Sandwich Construction
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Adhesive Bonding

Adhesive bonding joins two previously cured structural components using
paste or film adhesives. The bond is usually cured under heat and pres-
sure. A clean sim ple structura l joint is produced ; but like co-curing,
adhes ive joints are considered permanent and present a handicap for repair
or replacement. Adhesive bonding also requires absolute cleanliness during
preparation of the joints , and verif ication of joint strength may be
difficult under field conditions . In addition , certain adhesives require
refrigeration and have limited shelf lives .

Mechanical Fasteners

Under certain conditions , composite structures may be joined mechanically
using rivets or bolts. However , the nonyielding characteristics of com-
posite materials place restrictions on this method of assembly. Whenever
a hole is drilled in composite material , stress concentrations develop ,
even under• static loading conditions.

For example , Figure 7 shows that the stress concentration factor for a
hole drilled in unidirectional graphite/epoxy is approximately seven.
That is , the stress in a drilled structure is increased approximately
700% over that in an undrilled structure . Mechanical fasteners cannot be
placed in composite structures unless the structure has been designed to
accomodate them . Special considerations must be given to the l ayup of
local reinforcements where mechanical fasteners are used .
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Figure 7. Stress Concentration Factor at Point B ,
High-Strength Graphite/Epoxy
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BASIC STRUCTURAL COMPONENTS

The airframe of a helicopter is comprised of structural components of
three basic types:

Skins and Webs

Frames , Beams , Bul kheads and Longerons

Structural Fittings

Skins and Webs

The skins , together wi th bulkhead , frame and beam webs , are the principal
members supporti ng shear loads in a structure. These members may be of
either monol i thic or sandwich construction .

Frames, Beams, Bul kheads and Longerons

Frames , beams , bulkheads and longerons are the primary structural members
supporti ng tension , compression and bendi ng loads in the structure. These
components may be fabr icated in a variety of open-section and closed-
section shapes using monol i thic , stiffened sheet or sandwich construction .
Figures 8, 9 and 10 show several typical designs .

/ ~~RU~~URAL

UNIDIRECTIONAL
GRAPHITE OR
BORON :~

OPEN SECTION BEAM FOAM CORE BEAM SECTiON

Figure 8. Typical Beam Sections
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STRUCTURAL FOAM FILLER
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~~~~~~HON~~~~~~~
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HONEYCOMB CORE FRAME SECTION

Figure 9. TypIcal Frame Sections
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Figure 10. Typical Bulkhead Designs
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Structural Fittings

The introduction of concentrated loads and the presence of highly loaded
regions in a structure create the need for structural fittings. These
fi ttings are frequently characterized by three-dimensional loading as
shown in Figure 11 .

~~~o)
I I /‘SINGLE LUG I /DOUBLE LUG

MALE CLEV IS

SINGLE BOLT SHEAR FITTINGS

~~~~~~~~~~~~~~~~B~~~~~~~~~~~~~~~~~~~~~~~~~ EL NU T

S1NGLE BOLT TENSION FiTTINGS

MULTIPLE BOLT SHEAR FITTING

Figure 11 . Three Basic Types of Concentrated Load
Introduction Fittings
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In a conventional metal structure, structural fittings are machined from
metal forgings, bars or plate stock. Because of the complexity involved
in producing efficient and economical fitti ngs from composites , composite
structures frequently retain metal fittings at selected l ocations . Where
composite fittings are used , they are fabricated using rigidly defined
layups under stringent quality control (Figure 12).

UNIDIREC TIONAL
H ,

e

CROSS PLYS

7

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
FITTiNGS

• ..~~~~~~ TUBE TRANSITION

Figure 12 . Composite Fitting
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ADVANCE D STRUCTURES DESIGN CONCEPTS

One of the requirements of this program was to develop a technique for
assessing the R&M characteristics and R&M related life—cycle costs of
advanced compos ite str uctures concepts. Preparatory to this task, hel i-
copter airframe structures were classified and described generically, and
candidate composite designs were selected for analysis.

A typical utility class hel i copter was selected as the model for this study.
The aircraft fuselage is defined in terms of primary structures and
secondary structures as follows :

Primary Structures

Cockpi t Canopy
Cockpit Lower Structure
Upper Fuselage Structure
Lower Fuselage Structure
Rear Fuselage
Tail Cone
Tail Rotor Pylon
Stabilator

Secondary Structures

Floors
Fairi ngs and Cowl i ngs
A i rcraft Doors

In the fol lowing pages, each of these structures is defined in terms of
its general configuration and the structural criteria governi ng its design .
Followi ng the generic description of each structure, conc eptua l des ig ns are
,~‘esented . Two composite designs and a metal baseline design are presented
for each type of structure. To facilitate comparisons between concepts , a
tabular format has been used , and only the predominant characteristics of
each design have been listed .

The composite structures concepts were taken primarily from the two studies
on advanced structural designs for utility class helicopters (References 1
and 2). In cases where the references did not provide sufficient informa-
tion on a design , Sikorsky ’s Airframe Design Group further developed the

1 Hoffstedt, P.J., and Swa tton , S., ADVANCED HELICOPTER STRUCTURAL DESIGN
INVESTIGATION , Boeing Vertol Company, USAAMRDL-TR-75-56A, U.S. Army Air
Mobility Research and Development Laboratory, Fort Eustis , VA , March 1976,
AD A024662.

2 Rich , M. J.,  INVESTIGATION OF ADVANCED HELICOPTER STRUCTURAL DESIGNS,
Sikorsky Aircraft Division , USAAMRDL -TR- 75-59A, U.S. Army Air Mobility
Resear ch and Deve lopmen t La bora tory, For t Eus ti s , VA , May 1976, AD 026246.
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concept or synthesized a concept from two or more sources . Composite
structures designs have also been drawn from existing aircraft of Sikorsky
manufacture , and in the case of the transmission support structure , from
Reference 3 report. All of the metal baseline designs have been taken
from existing Sikorsky helicopter models. The remainder of this section of
the report describes the selected design concepts.

PRIMARY STRUCTURE

Cockpit Canopy

Cockpit canopy structures are characterized by a gridwork of posts and
sills that in conjuntion with the windshi elds and wi ndows forms a trans-
parent enclosure for the helicopter flight crew (Figure 13 and Table 3).
The structures are designed primarily for aerodynamic pressure loading
and do not contribute significantly to fuselage bending strength against
primary flight i nertia loads. Composite structures concepts are described
in Table 4.

Cockpit Lower Structure

The l ower cockpi t  is the primary structural support for the nose section
( Figure  14 and Tab le 5). Critical design loads are usually derived from
inertia forces acting on the crew, equipment and structura l mass. Typi-
cally, the cockpit is constructed as a semi-monocoque structure cantilev-
ered from the mid-fuselage.

Interface constraints are complex because of high density packaging of
flight controls , avionics , electrical equipment , etc., although the mount-
ing provisions for these installations require only minima l reinforcement.
The exception is the support structure adjacent to seats, nose landing
gear or gun turrets which requires heavy reinforcement.

In addition to interface constraints , the nose section must be crashworthy .
This is accomplished by providing structural elements that are capable of
absorbing crash impact energies. Currently , energy-absorbing structures
are either ductile aluminum or honeycomb . Because composites lack energy-
absorbing properties , for the near term l ower cockpit structures are
expected to contain significant quantities of metall ic structure. Composite
structures concepts are described in Tabl e 6.

Upper Fuselage Structure

Upper fuselage structures are of semi-monocoque construction with frames
and beams at load introduction points (Figure 15 and Table 7). The most
heavily loaded members are the lift system, landing gear, weapon pylons ,

Kay, B. F., Lowry , D. S., and Rich , M.J., STUDY TO INVES TIGATE DESIGN,
FABRICATION AND TEST OF LOW COST CONCEPTS FOR LARGE HYBRID HELICOPTE R
FUSELA GE - PHASE III , Sikorsky Aircraft Division , NASA Con trac tor Repor t
158988, Nationa l Aeronautics and Space Administration , Hampton , Va.,
February 1979.
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— GRIDWORK OF

SLENDER
POSTS AND
SILLS

COMPOUND
CURVATURE

LIGHT SKINS SUPPORTS

Figure 13. CockpIt Canopy

TABLE 3. COCKPIT CANOPY STRUCTURE ATTRIBUTES

Attribute Description

Contour Predominantly compound curvature

Access i bility Generally good , except for restrictions
imposed by equipment

Interfaces an d Bracketry-type supports required for
Concentrated Loads mounting controls , hatches , etc .

Normally consist of local reinforcements
on structure or minor machined fittings.
Relatively large number required per
aircraft.

Special Constraints Windshield posts must be slender to
minim ize interference wi th visibility .

Load Intensity Light , allowing minimum gage construction .
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TABLE 4. STRUCTURAL DESIGN CONCEPTS - COCKPIT CANOPY

Sub-Component Composite Concept I Composite Concept II Metal Baseline

Skin Monoli thic; woven fiber- Monolithic; woven Kevlar/ Alum inum sheet
glass /epoxy epoxy

Stiffeners and Open section; woven fiber- Open section ; woven Kevlar / Open section ; forme d
Frame s glass/epoxy channel members epoxy channel members aluminum sheet

Posts and Sills Close d section; wc ven fiber- Closed section ; woven Kevlar/ Closed section ;
glass /epoxy hatshaped members epoxy hat-shaped members formed alum inu r- sheet
with polyurethane foam cores

Assembl y t4ethod Co-cure d Bonded Riveted

Source Sikorsky CH-53 Reference (2) Sikorsky S-61

SEMI - MONOCOQUE SEAT SUPPORTS
CONSTRUCTION

FLIGHT CONTROLS

EQUIPMENT SUPPORTS

p

Figure 14. Cock pit Lower Struc ture
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TABLE 5. LOWER COCKPIT STRUCTURE ATTRIBUTES

Attribute Descr ip tion

Contour Predominantly compound curvature

Accessibili ty Poor because of high density packaging of
systems

Interfaces and Bracketry-type supports required for
Concentrated Loads mounting equipment. Heavy reinforcements

required for landing gears , seats, gun
turrets.

Load Intensities Light to moderate , except heavy adjacent
to concentrated load interfaces

Special Constraints Structure must be capable of attenuating
crash impact energies

TABLE 6. STRUCTURAL DESIGN CONCEPTS - LOWER COCKPIT

Sub-Component Composite Concept I Composite Concept II Metal Baseline

Skin Monolithic; woven Kevlar/ Sandwich ; woven Kevlar/ Aluminum sheet
epoxy epoxy fac i ngs w i t h -

alum inum honeycomb core

Sti ffeners Closed section; cross-plied None Open section; aluminum
gra phite/epoxy hat-shaped rntjnbers channel
members with polyurethane
foam cores

Frames and Beanis Sandwich; cross—plied Closed section; woven Open sections; hui lt—up
qraph ite/epoxy fac i ngs Kev~~r/epoxy channel channels ard 1—beams fabri-
and caps with Nomex members. Integrated with cated from al u rr in ur r sheet
honeycom b core sandwich skins to serve and extrusions

as edge (1 1 ~seo uts

Assem b ly Method Riveted Co-cured Riveted

Source Reference (2) Reference (I) ~i k c ~rsk y UH-60A
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HIGHLY LOADED STRUCTURE
ADJACENT TO MAJOR LOAD
INTRODUCTION POINTS

SUPPORT
STRUCTURES ‘.. WINDOWS

(LOCAL
-:~ \ / REINFORCE -

MENTS AND/ 
DOORS~(

SKIN AND
I STIFFENERS

MODERATELY
LOADED

Figure 15. Upper Fuselage Structure

TABLE 7. UPPER FUSELAGE STRUCTURE ATTRIBUTES

Attribute Description

Contour Constant cross section or mild compound
curvature

Accessibility Excellent , particularly in passenger com-
partment

Interfaces and Very heavy structure adjacent to major
Concentrated Loads load introduction points. Bracketry-type

supports required for seat and equip l iert
installati ons

Load Intensities Moderate wi th high load intensities at
major load introduction points

Special Constraints Primary structure members highly loaded
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and engine support structures. In conventional metal structures these
members are normally machined forgings. Heavy structura l members are also
required adjacent to door and window cutouts . Composite structures concepts
are described in Tables 8 and 9.

Lower Fusela ge Structure

Lower fuselage structures are of moderately loaded semi-monocoque con-
struction with beam and/or bulkheads spaced to support the floor (Figure
16 and Table 10). A variety of interfaces are common , ranging from lightly
loaded equipment supports and moderately loaded cargo tie-downs to heavily
loaded cargo sling and landino gear supports. The l ower fuselage may also
contain fuel tanks , and in such cases, a flush interior surface is ‘equired.
Watertight construction is a design requirement for amphibious helicopters .
A certain degree of crushabi lity is also required to attenuate vertical
crash impacts . Composite structures concepts are described in Table 11.

Rear Fuselage

The rear fuselage encompasses the transit ion area between the cabin and
the tail cone (Fi gure 17 and Table 12). It is designed to support
empennage and tail landing gear loads , and as a result of its large cross-
sectional area , tends to be of minimum gage construction. The rear fuse-
lage may also contain fuel tanks , and in such cases , tank sup ports ,
bulkheads and partitions are required . Composite design concepts are
described in Table 13.

Tail Cone

Tail cones are exemplified by structural simplicity (Figure 18 and Table 14).
They are essentiall y tapered cylinders possessing circular or oval cross
sections . Depending on the size and load intensities , the structure may be
ei trier semi—monocoque or pure monocoque . Interfaces are primarily limited
to spl ice fittings , tail rotor drive shafts and provisions for housinç~
miscellaneous equipment. Composite design concepts are described in
Ta b le 15.

Tail Rotor Pylon

The tail rotor pylon is a box—beam type structure that supports the tail
rotor , and depend inçi on aircraft configuration , the horizontal stabilizer ,
intermediate gearbox and ta il skid (Figure 19 and Table 16). The cross
section is a teardrop with light fairings comprising the leading and trail-
ing edge sections . At the junction to the tail cone , abrupt changes i n
contour frequently result in fittings with comp l ex geometry .

Equinment installations in the tail rotor pylon are minima l and limited to
electrical antennae and flight controls. Composite design concepts are
described in T able 17.
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TABLE 8. STRUCTURAL DESIGN CONCEPTS — UPPER FUSELAGE

Sub-Component Composite Concept I Composite Concept II Metal Baseline 
—

Skin Monolithic; woven Kev lar / Sandwich; woven Kevlar/ Aluminum sheet
epoxy epoxy facings with Nornex

honeyco mb co re

Stiffeners ano Closed section; cross- None Open section aluminum
Stringers plied graphite/epoxy hat- channel members

s hape d members w i th  poly-
urethane foam covers

Frames and Beams Closed section ; cross— Sandwich; cross-plied Open section bui l t-up
p l ied gra phi te/epoxy hat graphite/epoxy fac ings channels and I—beams
members with polyurethane with Noniex honeycomb core fabricated from aluminum
foam cores sheet and extrusions

Fittings Cross-plied graphite epoxy Machined alum inum forgings tiachined aluminum forgings

Assembl y Method Co-cured Bon ded Riveted

Source Refe rence 2 Reference 1 Sikorsky UN-6OA

TABLE 9. STRUCTURAL DESIGN CONCEPTS - 1P/ ;~~~~~~iot SUPPORT

Sub-Componen t Conin~ ite Concept I Composite Concept II Metal Baselfne

Monolithic; woven Kevlar/ Sandwich ; woven Kevlar/epoxy A liir - inar sheet
epox y facings , No mex co re

Stiffeners and l ’~ al honeycomb areas and None Open section aluminum
~tn1nger s q d ; h i t f /~ ,~~xi tape strip channels

rein fr rcni en

Frames and Beams Open section 1-beams ; Sandwich; graphite/epoxy Open s”cti on aluminum
monolith ic graphite /epoxy facing, Nomex core I-beams built-up from

sheet and extrusions

Fittings Graphite/epoxy rein f~~r ene r i ’ lachined aluminum forgings i a hined aluminu m longings
within basic frames m d  Pm iii s

Assembly Method Bonded onded and bolted Riveted

So u rce P, f in i~riii 3 Re ference 1 . i ko r s ~ v UI1-6OA
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HEAVY STRUCTURE _—., FLOOR REMOVAL 
~~~~FOR CARGO SLING FOR ACCESS

SUPPORT

FLOOR SUPPORT CARGO T!E —
STRUCTURE DOWNS

SPLICE
FITTINGS

FLUSH INTE RI OR
SURFACE FOR
FUEL TANKS

Figure 16. Lower Fus ela ge Struc ture

TABLE 10. LOWER FUSELAGE STRUCTURE ATTRIBUTES

Attribute Description

Contour Constant cross section or mild compound
curvature

Accessibility Good after removal of floors . Poor in
areas surrounding fuel tanks

Interfaces and Heavy structure adjacent to major load
Concentrated Loads introduction points. Bracketry—type

supports required for equipment installati ons

Load Intensity Moderate wi th high load intensities at
major load introduction points

Specia l Constraints Energy absorption capability needed for
crashworthiness

41



TABLE 11 . STRIJCTURA L DESIGN CONCEPTS — LOWER FUSELAGE

Component Compos ite Concept I 
- 

Composite Concept II Metal Basel ine

S 

Skin Mo noli thic; woven ov]ar/ .mri l w i m h ;  woven ov lan f ~Iu ’ inu m sheet
;~~~y facinqs wi th Nomex

honeycomb core

~tiffeners and lose d section; cross- ~ono t t s o r l  section aluminum
1 nqe rs p l ied  qrao h to 1 op x i  hat— h~mn rie I mem bers

shaped members w i th  r i b -
, m o t b m r m  foam cores

Frames and Beams San dwich;  c ross-p l ied  Sandwich;  c r oss—p l i ed  Open s e c t i o n  bui l t -up
grai f l i t o i l i n e y  facings y ra phi te fepoxy facings channe ls and i - h o a r ’,
and I I ~~5 w it h r .  and cups with Nomex fabricated fror a lumi n um
honeycomb core honeycomb core sheet and extru sions

Assembly Method Bonded Bonded Riveted

Source Reference 2 Reference 1 Sikorsky UH-60A

SEMI-MONOCOQUE
CONSTRUCTION LARGE OVERALL

j  CROSS-
V I/ SECTIONAL

V / DIMENSION

/ RELATIVE
TO LOADS

FUEL TANKS

MINIMUM GAUGE
SKINS

Figure 17. Rear Fuselage
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S TABLE 12. REAR FUSELAGE STRUCTURE ATTRIBUTES

Attribute Description

Contour Mild compound curvature

Accessibi l i ty Excellent , except poor in areas
surrounding fuel tanks

Load Intensity Light , minimum gauge construction

Interfaces and Relatively few interfaces
Concentrated Loads

TABLE 13. STRUCTURAL DESIGN CONCEPTS - REAR FUSELAGE

Su b-Co m ponent Composite Concept I Composite Concept II Metal Baseline

Skin Monolithic; Keviar/epoxy Sandwich; Keviar/epoxy Alumin um sheet
facings , Nome x co re

Stiffeners and Closed sect ion; Kevia r/ None Ipen section ; aluminumStringers epoxy, graphi te /epoxy :hanne ls
reinforcement

Frames and Beams Closed sect ion;  Kevlar /epoxy, Closed sect ion ; graphite ! pen sect ion ; aluminum
graphite /e poxy reinforcement epoxy hat Sect ion hannels

Closed sect ion;  Keviar /epoxy .  Sandwich ; Kevlar/epoxy andwi ch; fiberg lass /epoxys ra ph mte / epo x y  reinforcement fac ings w i t h  Nomex core ac ings ,  alumi num honeycomb
ore

Assem bly Method Bonded Bonded iveted

Source Synthesized eference 1 ikorsky UH-6OA
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SPLICE FITTINGS

iii

Figure 18. Ta i l Cone

—
~~~~~ TABLE 14. TAIL CONE STRUCTURE ATTRIBUTES

Attribute Descri ption

Contour Single curvature , wrap pable
Accessib ility Generally good , although small size may

create restriction

Load Intensities Moderate to light

Interfaces and Concentrate loads at structural splice
Concentrated Loads points. Relatively few other interfaces.

44



TABLE 15. STRUCTURAL DESIGN CONCEPTS - TAIL CONE

Sub-Component Composite Concept I Composite Concept II Metal Baseline

Skin Sandwich; woven Kevlar/ Sandwich , cross-plied Al uminum sheet
epoxy facings with Nomex graphite/epoxy facings ,
honeycomb core with Nornex honeycomb core

Stringers None None Open section aluminum
channel members

Frames Closed section ; cross- Open section; cross- Open section aluminum
plied graphite/epoxy hat plied graph i te/epoxy chan nel members
sect i on s channel sect ions

Asse mbly Method Bonded Bonded Ri veted

Source Reference 2 Reference 1 Sikorsky UH— 60A
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Figure 19. Tall Rotor Pylon
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TABLE 16. TAIL ROTOR PYLON STRUCTURE ATTRIBUTES

Attribute Description

Contour Mild , except at discontinuities in contour

Accessibility Small cross section restricts access to
i n t e r io r

Load Intensity Moderate

Interfaces and Concentrated loads from transmission or
Concentrated Loads stabilizer attachments

Minimum number of other interfaces

TABLE 17. STRUCTURAL DESIGN CONCEPTS - TAIL ROTOR PYLON

Sub-Component Composite Concept I 
— 

Composite Concept II Metal Baseline

k i n  Monol i th ic , w oven Kevlar/  Sandwich ; woven Kev lar /  Aluminum sheet
epoxy epoxy facings with Nomex

honeycomb

t t m f f e n e r s  C losed sect ion ; cross— None Open sect ion aluminum
pl ied graphite /e poxy hat channel membe rs
S5 C t1 ~~ns w i th  polyurethane
f l u  co re

I b i b ~~h o a b ’, and irm i w i m 5 . cross- p lied Sandwich; cross-plied Open section bu i lt-u n
Spars ; u ; h i t m / opcx y facings graphite /epoxy facings channels and I-beans

wi t~ ~;rmm ’m honeycomb core with Nome x honeycomb core fabricated fro~ a luminum
sheet and extrusions

A ’, , e r irbly ‘ l i f t ed  Bonded Bonded Riveted

Reference 2 Reference 1 S ik orsky  UH-6O A
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Figure 20. Stabilizer

TABLE 18. STABILIZER /STABILATOR STRUCTURE ATTRIBUTES

Attribute Description

Contour Mi l d ,.wrappable

Accessibi l i ty Enclosed construction restricts access
to interior

Load Intensity Light to moderate

Interfaces and Concentra ted loads at mounting points .
Concentrated Loads Very few interfaces.

Other Constra ints Structures may be sensitive to dynamic
resonances.

47



Stabil izer/Stabilator

The stabilizer is a simpl e , airfoil—shaped box beam structure (Figure 20
and Table 18). The primary structural elements are spars and ribs . If the
stabilizer is moveable in fl i ght , it is called a stabilator and will have a
swivel mounting and provisions for an actuator. A stab’~zer or stabilatorwill have only a few interfaces such as tip lights or folding devices.

Stabi lizers and stabil ators are light to moderately loaded structures.
However, in some cases the structure may contain reinforcements for the
purpose of preventing dynamic resonance with the rotor systems. Composite
design concepts are described in Table 19.

SECONDAR Y STRUCTURE

Floors

Aircraft floors are normally not considered part of prinary structure and
are designed only to support cargo and passenger loadings (Figure 21 and
Table 20). However, requirements for durability may create the need for
added strengthening . Construction may be either reinforced monolithic
sheet or sandwich panels. Composite design concepts are described in
Tab le 21.

Fair ings and Light Cowlings

Fa i r ings  and light cowlings are nonstructural and designed primarily to meet
aerodynamic pressure and handling loads (Figure 22 and Table 22). (liajor
cowling, such as that enclosing the engines and transmission and containing
large access doors and possibly work platforms, is treated under the
category of doors.) Construction may be monolithic , stiffened sheet or
sandwich. Minimum gage materials are common because of the light loading.
Attachment to major structure may be via hinges or fasteners. Composite
design concepts are described in Table 23.

Doors and Major Cowl i ng

Aircraft doors encompass a wide variety of configurations , each having
unique attributes and design requirements . Typical types of doors, some
of which are illustrated in Figures 23, 24 and 25 , are :

Crew and Personnel Door

Mr Stair

Sliding Door

Cargo Ramp

Equipment Compartment Door

Access Door and Work Platform
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TABLE 19. STRUCTURAL DESIGN CONCEPTS - STABILIZ EP/STABI LATOR

Sub-Component Composite Concept I Composite Concept II Metal Baseline

Skin Sandwi ch; woven Kevlar/ Sandwich; cross—pl ied Al uminum sheet
epoxy facings with Nomex graphite/epoxy with Nomex
honeycomb core honeycomb core

Stiffeners None None Open section ;
aluminum channel
members

Spars and Ribs Sandwi ch; cross—plied Monoli thic — cross-plied Onen section ; built -up
graphite/epoxy facings graphite/epoxy channels and I-beams
with Nomex honeycomb cure fabricated from aluminum

sheet and extrusions

Assembly Method Bonded Bonded Riveted

Source Reference 2 Reference 1 Sikorsky UH-6OA

~~~~~~~T-UP~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SANDWICH

Figure 21. Floors
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TABLE 20 . FLOOR STRUCTURE ATTRI BUTES

Attribute Description

Contour Flat

Loa d Intensi ty Modera te

Accessibilit y Excellent when panels are removable

In terfaces and Local reinforcements for cargo tie—down
Concentrated Loa ds and seat mountin gs

TABLE 21. STRUCTURAL DESIGN CONCEPTS - FLOORS

Sub-Component Composite Concept I 
-— 

Composite Concept II 
— —  

Metal Baseline

Skin Sandwich; woven Kevlar /epoxy Sandwich; cross-plied Sandw kc 15~ alu min u r ~a ct n cs
facings with aluminum fiberglass/epoxy facings with a l i r i n u r -  nonev comf -
honeycomb core with Nomex honey comb core core

Stiffeners None None None

Assembly Method Co-cured Bonded Bonded S

Source Synthesized - i i  UH-60A mo- sl y SH-3
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FAIRINGS

. . . . .

Fi gure 22. Fairing

TABLE 22 . FA IRING STRUCTURE ATTRIBUTES

A t t r i b u t e  Description

Contou r Ran ges from flat to ex treme compound
curvature dependin ci on configu ration

Accessibility Usuall y goo d

Load Intensit y Light

I r t i r faces Attachment points
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TABLE 23. STRUCTURAL DESIGN CONCEPTS - :A IRINGS

Sub-Component ‘ - .~ocnposite Concept I J Composite Concept II Baseline

Skin u n d w r c h ;  W OV i~~r K ev la r / e p oxy  Monol i th i c ;  woven Kevlar / Mono l i th i c ;  xrc ~~~ ’ fib e r rili ~ ’s t
f i c i n i s  wi th Non~’h_ 1~c~eyc omb epoxy epoxy
core —~~

St i f feners None ~~~~~ None

Assembl y Co-cured Co-cured - - Co-cured
5-
’

Sou rce Reference Si~ ort y j~ -RCt °ikorsky SM-3, w ’ -

HOOK
LATCH .~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

____________

Figure 23. Nose Compartment Door
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Figure 24. Simple Access Door
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Figure 25. Car go Ramp
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Construction ranges from unreinforced monolithic sheet for small access
doors to built -u p fuselage type structures for cargo ramps . The only com-
mon characterist ics are hinges and latches; even here , designs vary sub—
s~antia lly . The security device for a small access door may be a single
quick-release fastener , whereas that for a cargo ramp is typically a complex ,
hydraulically operated latch inn system. Because of this divers ity , doors
will not be considered as a generic class of structures but rather will be
treated on an individual basis. Composite design concepts are described
in Table 24.

TABLE 24. STRUCTURAL DESIGN CO SCEPTS - DOORS

~~~~~~~~~~~~~~~~~~~~~~~~~~~ Conce pt I Composite Concept ~ Metal Baseline

10 Sandw ich; woven trvlar / Monolithi c; woven Kevlar/ RIur - i n ur- sheet
e ; o x y  w i th  Nomex homeyconth epo xy
core

rc l f f e f l e r s  None Closed sect ion; cross—plied Closed sectio n ;
f x v l r r / e po r y  hat sect ion s aluminum hat sect ion

Assembl y Method Co-cured r iled - - - -  ted

Source Reference I Synthesized I .  .- SH-3
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SERVICE EXPERIENCE WITH AIRFRAME STRUCTURES

An investigation was conducted to assess the R&M experience of airfrdu ie
structures in service. Special attent ion was given to bonded structures
an d composites. The investigation included a review of published data on
current- inventory Army helicopters , and with reference to bonded structures
and com posites , an analys is of in-house data on Sikorsky helicopte r models ,
an exam ination of fixed-wing aircraft experience ,and visits to two Arl:1/
hel i copter depots .

ASSESSMENT METHODS

Because of the ir monolithic design , fusela ge structures present more dif-
ficult problems of reliability assessment than do aircraf t su bsys tems con-
sisting of highly differentiated components. Attempts to use field service
data for the ie liabi lity analysis of aircraft structures encounter parti-
cular problems .

Very abbreviated descriptions of failures conveyed via the standard report-
in g systems comprise the bul k of recorded service experience with military
aircraft. Nevertheless , for the major i ty of components on an aircraf t, it
is possible to obtain a reasonable understanding of the types of failures
occurring in service . In addition to the coded descriptions of each
failure , records of individual parts replaced in the process of ma i ntenance
often provide further insights. Thus , the report of a ‘lea king ” valve ,
combined with a list of specif ic seals rep1~ ced in the course of repair ,
prov i des a good. indication of the failure that occurred.

Th is kind of visibility is lacking with airframe structures , however . In
order to assess the nature of structura l failures and induced damage , it
is important to know not only the general type of defect (crack , dent ,
puncture , etc.) but also the l ocation of the damage , the structura l ele-
ments involved and the extent and severity of the fault. A record of a
“crack” in the “tail pyl on” of a helicopter - the level of detail typ ically
conta i ned in field reports - is quite meaningless from the stand point of
reliability assessment , except to record the occurrence of the event. It
is unknown whethe-r the crack occurred in a superficial area such as the
skin and was repaired by sim ple stop drilling, or occurre d in a major
structural element of the pylon such as the spar and required a comp lex
struc tural repair. From the standpoint of rcliability , the two events are
not at all equivalent.

The number of man-hours involved in the nlaintenance action nay provide
some clue to the scope of the repair task , and therefore the degree of
struc tura l damage , but man-hours may also be a very mislea ding indicator
of task complexity . Furthermore , because most structural repairs are
accomplished with common hardware and bulk mater ials (aluminum sheet ,
fiberglass cloth , rivets , etc.) there is no record of replaced parts that
can be used to assess the nature of the failure or damage. As a conse-
quence , service experience with fuselaci e structures is among the most
poorly documen ted of all aircraft subsystems .
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ARMY HELICOPTER AIRFRAME SERVICE EXPERIENCE

In September 1974 the U.S. Army Aviation Systems Command published the
results of an investigation of R&M problems with five subsystems of the
UH-1 and CH-47 helicopters (Reference 4). The study was based on docu-
mented service experience with the two helicopters . The airframe was one
of the five subsystems examined .

For the CH -47 he l icop te r , the study was based on ma i ntenance data collected
by the U.S. Army Aviation Test Board at Fort Rucker. The data covered
4,132 flight-hours accumulated over a 16-month period ending September 1970.
For the UH-1 helicopter , data collected on the U.S. Air Force UH-1F encom-
passing 42,869 flight—hours over a 12-month period ending February 1972 was
used . Other records of the U.S. Army and of the respective aircraft con-
tractors were used to augment these two princip al data sources .

Unscheduled maintenance data for the airframe systems of the two aircraft
disclose remarkable similarities as shown in Table 25. The frequency of
unscheduled maintenance is of course greater for the much larger airframe
of the CH-47, but the breakdown of maintenance by elements of the airframe
is nearly i d e n t i c a l .  A representative d i s t r i b u tion of unsched uled ma in -
tenance events based on a composite of the service experience with these
two aircraft is shown in Fioures 26 and 27. Several conclusions are
apparent.

TABLE 25. PERCENTAGE BREAKDOWN OF UNSCHEDULED
MAINTENANCE EVENTS FROM REFERENCE 4

WI-iF CH-47C

Unscheduled Maintenance Events/ 242.4 536.1
1 ,000 Flight-Hours

Airframe Percent of Total Aircraft 31.4 37.3

Percent of Airframe
Secondary Structure 84.7 80.8
Prima ry Structure 15.3 19.2

Percent of Prima ry Structure
Skin 41.6 54.2
Structure 46.1 45.8

Rivets /Hardware Percent of Total 50.0 38.3

Barrett , L.D., and Aronson , R. B. , RELIABILITY AND MAINTAINABILITY
PROGRAM FOR SELECTED SUBSYSTEMS AND COMPONENTS OF CH-47 AND UH-1
HELICOPTERS , Boeing Vertol Company , Report Number D210-10846-1,
U. S. Army Aviation Systems Command , St. Louis , MO, September 1974.
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Figure 27. Representative Distri bution of Unscheduled
Ma intenance Events for Current-Inventory Metal
Airframe Structures

The airframe produces a substantial share of the unscheduled maintenance
events on current-inventory Army helicopters . (The cost of this mainte-
nance will be examined in a later part of this report.) Of the total num-
ber of unscheduled maintenance actiofls on the airframe , roughly 2O°~ in-volve primary structure ,80% secondary structure . For both primary and
secondary structure a large percentage of unscheduled maintenance events
involves failure of attaching hardware (rivets , screws , latches , etc.)
rather than failure of the structure itself. Less than 10% of the un-
scheduled maintenance actions involve failure of or damage to primary
structural members of the airframe .

This data on UH-1 and CH-47 helicopters , while providing a good overall
picture of airframe maintenance on Army aircraft , suffers some of the
shortcom ings of field data referred to earlier. Within the limitations of
the code systems used to record aircraft maintenance in the field , it does
identify the general type of structure and the modes of damage or failure
that each action involves . It does not identify specific components of
the airframe , the location and nature of the damage or failure , or the
types of repairs made , however.
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Environmental Effects

An effort was made to establish the effects of various environment s on the
reliability of helicopter airframe structures . It was learned early in
the program that a comprehensive investigation of the effects of environ-
ment on Army aircraft was being conducted by the Los Angeles Division of
Rockwell International for the Army ’s Applied Technology Laboratory at
Fort Eustis . From their investigation , involv ing extensive surveys of pub-
lished data as well as independent research , Rockwell had compiled environ-
mental effects information on all the major subsystems of helicopters. The
Applied Technology Laboratory provided to Sikorsky computer printouts of this
data for the airframe subsystem . Table 26 summarizes the data and ranks the
environmenta l hazards by frequency of inflicted damage . Appendix A con-
tains a detailed breakdown by areas of the helicopter.

TABLE 26. SUMMARY OF ENVIRONMENTAL EFFECTS ON
h ELICOPTER AIRFRAME STRUCTURES

Events Per lO~ Fli ght— H ours

Surface ___________ 

Structural
Environmental Hazard Damage Damaoe Deformation Deterioration Total

Fluctuating Loads 906 26,865 2 7,771

Maintenance/Handling 1 ,171 7 ,608 149 8,928

Vib rati on 54 2 ,052 2 ,106

Rotor Downwash 1 ,240 93 1 ,333

Me chan i ca l Sh ock 762 762

Moisture/Precipitation 583 583

Ai rcraft Fluids 583 583

Cleaning Fluids 150 150

Rotor Circulated Sand
& Dust 116 116

Crew Damage 86 25 11 1

Foreign Object Damage 26 26

To tal 2 ,131 39,921 267 150 42,469
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The four categories of damage were derived by combining individually
reported failure modes as fol lows :

Surface Damage

Scratched
Crazed
Worn
Nicked
Pitted
Score d

Struc tura l Damage

Broken
Cracked
Dented
Punctured
Separated
Torn
Sheare d

Struc tural Deform ation

Collapsed
Buc kled
Distorted
Warped
Bent

Structura l Deteriora t ion

Deteriorated
Over heated
Corroded

As shown, the vast majority of all damage events is caused by just a few
environments. It should be stressed that the data came from a limited
num ber of sources , many of which focused on a particular subject area or
problem , and was considered by Rockwel l to be neither compl ete nor neces-
sarily representative ef the true reliability ,, of the com ponen ts it covers .
Moreove r, the sources used frequently failed to report the cause of failure ,
and it was necessary for Rockwell in many cases to judge whether a failure
was environmentally caused and to establish the environment involved .

Nearly two-thirds of the damage events reported were said to have occurred
as a resul t of fluc tuating loa ds. The s pec ifi c nature of these even ts
could not be determined from the data , but most of them probably involved
minor failures such as popped rivets and fatigue cracks. This assumption
seems reasonable for the riveted metal construction typical of helicopters
now in service. Maintenance and handling, and yibration are the two other
environments showing a significant effect on damage rate. Again , however ,
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the specific nature of these events could not be determined from the data .

BONDED STRUCTURE S AND COMPOSITES
Military aircraft provide the largest experience base for bonded structures
and composites . Most of the present airframe structure consists of bonded
aluminum honeycomb panels and fiberglass components . The use of advanced
composites for primary structure is very limited and confined almost en-
tirely to control surfaces on high-performance fixed-wing aircraft. None
of the hel icopters in service with the U.S. Military employ advanced com-
posites in significant quantity .

A survey was r:~de of both fixed-wing and helicopter experience with com-
posites . For fixed-wing aircraft , service data was extracted from a study
of advanced composit~ structures conducted by the Northrop Corporation forthe Air Force Fligh .. Dynamics Laboratory . Helicopter experience with com-
posites was assessed from an analysis of R&M data on Sikorsky aircraft in
service and frr~n surveys of U.S . Army depots that  are overha ul i ng  and re-
pairing fleet aircraft . Other published data was examined , as reported in
the Bibliography and List of References , but nothing of significance to
this study was found .

Fixed-Wing Aircraft Experience

The difficulty of assessing the in-service reliability of aircraft struc-
tures confronted the Northrop Corporation in a study of advanced composite
structures for the U.S. Air Force Flight Dynam ics Laboratory . In one of
the most comprehensive investigations of the subject to date, Northrop sur-
veyed the service experience with fuselage structures on a variety of Air
Force aircraft , includ ing the F-ill , F-l04, A-37 , A-70 and Northrop ’s YF-17
prototype. The survey focused on service experience with both composites
and conventional metal structures and encompassed extensive searches of the
Air Force AFM 66—1 Data System , an analysis of Northrop ’s own data on the
YF- 17 , and direct interviews with Air Force and NASA personnel .

In their fourth quarterly report on the contract , Reference 5, Northrop
observed that “Although considerable information is available through the
AFM 66-1 system, the data do not indicate the severity of the damage nor
the specific cause of the damage .” This deficiency was overcome by using
the well-documented history of the YF-17 flight test program and engineer-
ing data obtained from interv i ews w ith A i r Force and NASA personn el to
i den t i fy  the major sources of ground hand li ng damage an d the relat ive
susceptibility of various structures to this type of damage . Meaningful
quant itative measures of the frequency and severity 0f the various damage
modes could not be developed , however.

Labor , J.D ., SERVICE/MAINTAINABILITY OF ADVANCED COMPOSITE STRUCTURES ,
Quarterly Progress Report Number 4, Northrop Corporation Report Number
77-157 , Contract F33615-76-C-3 142 , U.S. Air Force Fl i ght Dynamics
Laboratory , Wright-Patterson Air Force Base , Ohio , November 1977.
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Table 27 surnarizes the conclusions of the fixed-wing study relative to the
types of damage that composite structures are expected to receive from
ground handling and maintenance . In general , four sources of damage were
found to be significant:

1. Surface impact

2 . Ed ge and corner impact

3. Foot traffic

4. Fas tener dama ge

Survey of Sikors ky Exper ience

Composite structures of both monolithic and honeycomb sandwich design are
used on all of S i korsk y ’s operational aircraft and more extensively on
severa l new models in development and early production during the period of
this program. The types of components range from simple fiberglass fairings
to such i tems of primary structure as the cockpit canopy for the CH—53 heli-
copter and the all -composite stabilator for Sikorsky ’s new comercial heli-
copter , the S-76 . Composites are also used extensively by Sikorsky in tF,e
construc ti on of ma i n and tail rotor blades for helicopters .

Compos ites in the airframe structures of Sikorsky models operational prior
to 1979 were confined almost exclusively to fiberglass , both in monolithic
form and in the facings of sandwich panels. Sandwich core was either
aluminum or ~cwiex honeycomb. Fiberglass was also used over structura l foam
in the construction of formers and stiffeners .

In addi t ion to fi berg lass , Kev iar was being introduced at the time of this
program in the airframe structures for Sikorsky ’s newest aircraft : the
Army UH-6OA Black Hawk , Navy SH-6OB , Navy/Marine Corps CH-53E and Commercial
S-76. The types of construction with Kevlar are basically similar to those
with fiberg lass: flat or contoured skin panels , stiffened panels and honey-
comb sandw ich structures. Graphite and boron , the advanced composites ,
have found limited applications to date . In the airframe , boron/epoxy has
been used to stiffen the cockpit support beams for the UH-6OA and to rein-
force the tail cone for the CH-54. Outside of its use in the construction
of rotor b lades , graphite/epoxy has been used in one limited application :
the stabilator for the S-76. At the time of this program , a wide range of
R&D programs at Sikorsky were exploring further uses of advanced composites ,
and applications to current aircraft , such as the rear fuselage section of
the UH-6OA , were nearing production development.

Service experience with composite structures on Sikorsky helicopter models
was ~nvestigated . The service histories of the Navy SH-3D , Marine Corps
CH-53D and Army UH-6OA were examined . Data for this study was obtained
from the Navy ’s 3-M System for the SH-3D and CH-53D helicopters and from
the Army ’s RAM/LOG System for the UH-60A helicopter.
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The calendar periods and number of fl ight~hours coverd by the respectivedata samples are listed below:

Service History Data Base

Model Calendar Period Fli~ht—Hours

SH-3D April 1971 - June 1974 74 ,649

CH—53D January 1975 - Decembe r 1976 25,829

UH-6OA November 1974 - December 1977 1 ,889

All of the bonded panels and composi te structures on these three aircraft
were identified and cross-referenced to the code systems by which the field
data is stored : work unit codes for 3-M and math model codes for RAM/LOG.
Computer printouts of each file were reviewed , and the R&M statistics re-
corded for each component were extracted and tabulated. The data on each
component was then screened to elimin ate obvious errors and to reduce the
data to those events that reflected the occurrence of structural failure or
damage. Thus , reports of removal to facilitate maintenance , or of dis-
crepancies such as lack of lubrication , were disregarded.

Within the limitations of the failure codes used for reporting field main-
tenance , it was possible to identify five basic types of damage of a struc-
tural nature . In addition to the coded information , the data on the UH-60A
provided narrative descri ptions of failures and ma i ntenance , but it was also
the smallest of the three samples used and therefore contained a very small
number of reports of interest to the study .

Types of damage revealed by the service data and considered pertinent to
the study are listed at the headings of the five right-most columns of
Table 28. The table is organized by types of construction and aircraft
location. For example , all components of monolithic fiberg lass construction
will be found grouped and listed by general areas of the aircraft . This was
done in an attempt to reveal patterns of damage or failure related to
aircraft location.

The tabulated data is quite sketchy , especially in the case of the UH-6OA
which had at the time accumulated fewer than 2,000 hours of test flying.
Few significant patterns are evident . The damage modes most frequently
reported are bent or broken , cracked ’. and l oose or missing hardware . Cor-
rosion is reported fairl y consistently, indicative of the meta l fasteners
and hinges which are comon amon~j these components. Structures incorpor-
ating metal frames appear to have a slightly higher incidence of corrosion
than do those incorporating composite frames, as do sandwich structures
employing aluminum versus Nomex honeycomb .

With respect to location , components installed in the engi ne and transmis-
sion nacelle areas and the aft fuselage appear to suffer the highest damage
rates . The leve’ of maintenance activity in the vicinity of major dynamic
components such as the engines ’. transmissions and rotors may account for
this.
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In attempting to draw meaningfu l conclusions from this data ) one encounters
the same problems mentioned in the discussion on fixed-wing aircra ft
experience. The data is not definitive , and it is impossible to determine
the specific modes of dama ge, their location or their severity . Only gen-
eral impressions can be gleaned as a result.

Surveys of Army Helicopter Depots

Inquiries were made at AVRADCOM , St . Louis , in an effort to obtain statis-
tical data on in-service experience with composite structures on Army heli-
copters . Data of this type could not be located ) and personnel at AVRADCOM
suggested that visits to the Army depots might provide worthwhile informa-
tion on this subject. Two depot surveys were made.

The firs t v isit was made to the U.S. A rmy Depot at Corpus Christi , Texas ,
where UH-1 and AH- 1 helico pters are overhauled and repaired. The second
visi t was made to the depot at New Cumberland , Pennsylvania , wh ich provides
this support for the CH—47 and OH—58 helico pters . Each of the two survey s
entailed exam inations of aircraft structures in various states of damage
and repair and detailed discussions with depot personnel . Inquiries fo-
cused on the types of damage and field repairs that depot personnel observe
on fiberglass components and bonded panels when aircraft are in ducted into
overhaul . Opinions of depot personnel on the quality of field maintenance
were also obtained.

Information gathered from these surveys , wh ile strictly of a qualitative
nature , provides a much better impression of service experience with com-
posites than was obta ined from the data searches on the fixed—wing aircraft
and Sikorsky helicopter models. Equally important , it reflects the exper-
ience of Army helicopter operations in the field.

The types of bonded panels and fiberglass components on current-inventory
Army helicopters are similar to those on Sikorsky models operational at the
time of the surveys . Sandwich panels are primarily aluminum honeycomb with
aluminum skins. Titanium skins are used for some of the engine decks and
fiberglass skins for one or both faces of some panels. Sandwich panels of
Nornex and fiberglass construction are used for some of the cowling and
fairings on the H-i models . Fiberglass components consist of light fair-
inqs and covers and a few pieces of large stiffened structure . For each of
the four aircra ft, Table 29 lists the types of bonded structures and
composites that were d iscussed with depot personnel in the course of the
surveys .

The results of the depot surveys are tabulated in Table 30 for the UH-i
and AH- 1 helicopters and in Tables 31 and 32 for the CH-47 and OH—58 heli-
copters respectively. Each table is organized by type of construction and
aircraft comoonent . For each component , seven basic damage modes are rated
based on the examinations of aircra ft and discussions with depot personnel .
The reported i ncidence of damage of each type is rated as heavy , mod~r’ate
or light us ing a system of shaded blocks to record the ratings. The
absence of shading indicates that the damage mode either is not applicable
to a component or was not reported as significant by depot personnel .
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TABLE 29. TYPES OF BONDED STRUCTURES AND FIBERGLASS COMPONENTS
COVERED BY THE DEPOT SURVEYS

Type of Const ruction Aircraft Model
Type of Str uct ure 

______ _____ _____ ______

Type of Component UH-1 AH-1 CH-47 0H-58

Aluminum Honeycomb Panels

Primary Structure

Fuselage Shell X
Main Beams X X
Frames and Formers X
Exterior Fuselage Panels X X X X
Roof Panels X X X
In terio r Bulkheads X
Fuel Cell Compartments/Pods X X X X

Decks and F loors

F loor Panels X X X
Engine  Decks X X X
Serv ice Decks X X
Walkway s X
Work Platforms X

Secondary Structure

Interior Compartment Walls /Floors X X
Equipment Bay Shelves X X X X
Fuel Cell Compartment Liners X

Nomex Honeycomb Panels

Secondary Structure

Cowlings X X
Fairings X X

Fiberglass Construction

Monolithic

Fairings X X X X
Covers X X X X
Doors X

Stiffened

Fairings X
Covers X
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Of the several types of construction , bonded alum i num honeycomb panel s suf-
fer by far the highest rate of damage. Delamination caused by internal
corrosion is the most prevalent type of failure wi th these components , and
the probl em is chronic in areas of some a i rcraft. Dents and punctures are
other frequently occurring modes of damage with aluminum honeycomb construc-
tion. Areas subject to heavy foot traffic and tool drops are particularly
vuln erable, as are areas subject to other types of impact such as cargo corn-
partnient bul kheads, protruding fuel pods and panels enclosing fueling ports.

Nomex/fibergiass construction is used in only a few appl ications and appears
to hold up well in service. Only minor handling damage Is reported. Fiber-
glass components also do wel l in service general ly. The major problems
occur when light structures are pl aced in areas where they can be stepped
on and broken. Chafing of fiberglass against aluminum or other fiberglass
is also a frequently reported problem . Minor handling damage and some fas-
tener damage are the ot her types of reported problems wi th f iberg lass com-
ponents .
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RELIABILITY FACTORS IN COMPOSITE STRUCTURES DESIGN

INHERENT RELIABILITY

The inherent modes of failure for aircraft structures are those arising
from normal operat ions in the Dlanned environment. For a military air-
craft , which may be required to operate anywhere in the worl d , this encom-
passes a wide range of operating and environmental stresses. The aircraft
structure will be designed to withstand the spectrum of flight and landing
loads includ ing high g—level maneuvers and hard landings. It will also be
made survivable to combat damage and crash loads. Airframe fatigue lives
are typically much in excess of the planned operating life of the aircraft ,
as witnessed by the many aircraft that are still operating well beyond their
originall y specified lives. With respect to environment , airframes are
typically designed and qualified via structura l and material testing to
withstand extreme ranges of operation. This applies to both natural and
induced environments , and in cludes factors such as temperature , moisture
and salt atmos phere .

For composite structures , two modes of inherent failure might be antici —
pated : cracks and delamination , occurrin g either as the result of fatigue
or from inci pient flaws in material s or construction. Both of these modes
should occur randomly and very infrequently. (Repetitive failures of this
type in any one area of the fuselage would be indicative of a problem re-
quiring design action.) Primarily, then , the reliability of composite
structures will be a function of the rate of externally caused damage .

ENVIRONMENTAL HAZARDS

Figure 28 shows the signif icant environmental hazards to which composite
structures may be exposed in service . Three types of environment are
considered : (1) weather and climate , (2) operations and maintenance , and
(3) combat . Each of the environmental hazards is related to the aircraft
states and modes of operation in whi ch it is most frequently encountered .

Hazards of the natura l environment , those related to weather and climate ,
are relatively predictable and can be substantially neutralized through
the selec tion of materials and the applic ation of design allowables. Thus ,
if a composite material is known to be moisture-absorbing, and mo isture
content is known to have a degrading effect on strength or stiffness , the
structure will be designed for the worst—case situation (maximum amount of
absorbed moisture), particularly if it will be placed in a wet or humid
environment. The same is true for the effects o~ solar radiat ion , extreme
temperature , etc . It is of course impractical to design for every extreme
of environment , and a structure exposed to baseball -sized hailstones or
hurricane velocity winds could be expected to suffer damage . Conditions
such as these are so rare that they can be dismissed in a general assess-
ment of reliability , however.

This leaves as the only si gnificant contributors to operational reliabil ity
hazards ir~Iuc ed via operations , maintenance and combat. In this category

78



Aircraft State/Fli ght Mode 

Inact ive

/ 

Environmental Hazard

Weat her/Climate 
I

Solar Radiation X
Extreme Temperature I -
Humidi .ty/Moisture j x x
R a i n  X X x
Snow -
Ice X I

Ha i l X
Li ghtning - X X
~ind 

- 

X X X Note 1 

Opera t ions / Ha intenance  -

Thermal Cycling/Shock K X X
- ircraft fluids .~ -

V i brat i on X K X I
Ai rborne Partlcles/F.0 .D . K K
Foot Traffic  K
Dropped Tool /Parts X
Dropped/Shifting Cargo K K K
~cor Slanini ng K K

~o~ gh Handl ing X X- I Note 2
Bir d Strikes I K
i~~täCt ~ ‘t ~ Terrain Ob jects K K

~ork Star~ s/~ r-~.~rd ven i cl es  X K -~ K K

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~
Ballist ic Impacts - x - X

I — _ _ _ _ _ _ _ _ _

Note 1: Adequatel y control led v ia Note 2: Si gnificant environmental

mater ials selection and design hazards
allowa bl es

Figure 28. Environmental Hzizards Related to the Aircraft
States and Flight Modes in Which They are Most
Frequently Encountered
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also some hazards can be controlle d effec tively by design ; thermal cycling
and ex posure to aircraft flu id s are two of these . Know ing before hand that
materials will be placed in an engine compartment or hydraulics bay allows
the designer to compensate for the degradation in properties that these
environments may produce .

IMPACT DAMAGE

I t is concluded from the foregoing and from the surveys of service exper-
ience reported on earlier , that from the standpoint of reliability in
serv i ce , the significant concern in the design of composite structures for
hel i cop ters w ill be dama ge cause d by impact . The assum pti on applies of
course to composite structures at a mature stage 0f development. The fi -st
of the structures to be introduced to service may have some inherent
deficiencies that surface in the form of early reliability problems .

The view that the reliability of composite st1-~ctures will be ~a function of exposure to impact is consiste . wit~ t~e fir~ i q s  0f the
serv i ce ex perience study. The surv eys of Army depots ~isc~o~~d that v~iththe exception of corrosion of aluminum honeycomb , a ,~ ost all of the damage
to these kinds of struc~~res ~ccurs as a result of some type of impact.And the A i r Force study of aavanced composite structures is also concen-
trating entirely oil impact damage (Reference 5).

Figures 2~ through 32 illustrate areas of th helicopter airframe that are
parti .~darly vulnerable to various types of impact damage as determined
by t~ e service experience surveys . Later in this report it will be shown
how this information is used to assess the potential reliability of ad-
vanced composite struct :res concepts .

Types and Degrees of Impac t Dama ge

Fhe damage sustained by a structure subjected to impact involves a large
number of variab ’es , including:

Impacting Object

Shape (blunt or sharp)

In~~dence of impact (direct , glancing, etc .)

Location of impact* (center/edge)

Impact energy

*Deflection at center of panel produces less damage at
a given energy level .
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Design of the Structure

Type of material (properties of fi bers/ matrix)

Material form (unidirectional/woven)

Type of construction (monolithic/sandwich)

Material thickness

Ply orientat ion

Edge restraint

Presence of doublers , stiffeners , etc .

All of these variables will affect the type of damage sustained by a
composite structure subjected to a single impact. The damage itsel f is
a variable possessing certain characteristics , namely:

Type (dent , crack , puncture , etc.)

Size (area, depth)

Criticality (negligible, repairable , etc.)

Location (surface/subsurface)

When all of these variables are considered together , it is clear that a
given composite structure has the potential of being damaged in a great
many different ways. The reliability of the structure will depend not
only on the types of damage it receives but also on the frequency of
damage. This introduces another set of variables involving the mission
of the a i rcraft , the environment in which it operates and the quality of
maintenance it receives .

MATER IAL AND DESIGN FACTORS
Material Factors

Each material possesses mechanical properties which ma ke it more or less
vulnerable to various types of damage. High interlaminar shear strength
reduces a material ’ s susceptibility to delamination . High compression
strength provides protection against crushing. Other properties affect
the resistance of the material to other types of damage.



Table 33 lists some of the principal mechanical properties of composites
and alum inum. The table was assembled by Sikorsky ’ s Structures and
Materials Branch from published sources (References 6 through 14) and
from data develo ped through in-house test programs .

With two exceptions the composite properties are based on a particular
lamina te configuration and thickness ,one that might be used for an air-
cra ft skin . It is important to note that other configurations and thick-
nesses would substantially alter many of these properties .

6 ADVANCED COMPOSITES DESIGN GUIDE , VOLUME IV , MATERIALS , Third Ed i tion ,
Advance d Development Div i sion , A ir Force Materials Laboratory , Wri ght-
Patterson Air Force Base , Ohio , January 1973.

KEVLAR 49 DATA MANUAL , E . I. DuPont DeNemours and Company , Wilmington ,
Delaware .

8 MIL-HDBK-5B , METALLIC MATERIALS AND ELEMENTS FOR AEROSPAC E V E H I C L E
STRUCTURES , Department of Defense , September 197 1.

SCOT CHPLY PRODUCT INFORMATION , SP— 114, Industrial Special ities Division ,
3M Company , St. Paul , Minnesota .

10 FLIGHTWORTH Y GRAPHITE FIBER REINFORCED COMPOSITES , VOLUME 3 , Northro p
Corporation , Report Number AFML-TR-70-2O7, U.S . Air Force Materials
Laboratory , Wri ght-Patterson Air Force Base , Ohio , October 1970.

Flonc , N., CHARACTERIZATION OF BORON , GRAPHITE AND GLASS FILAMENT/
ORGANIC MATRIX COMPOSITE MATERIALS , Sikors ky Report Number SER-50644,
Sikorsky Aircraft Division , Stratford , Connect icut , January 1970 .

12 SIKORSKY STRUCTURES MANUAL , Sikorsky Ai rcraft Division , Stratford ,
Connecticut.

13 MATERIAL PROPERTIES OF HEXCEL HONEYCOMB MATERIALS , TSB 120 , Hexcel
Corporation , Dublin , Cal i forn i a , 1975 .

14 t4IL-HDBK -17A , PL A ST I CS FOR AEROSP A CE V E H I C L E S , PA RT 1 , R E I N F O R C E D
PLASTICS , January 1971.
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TABLE 33. PR OPERTIES OF COMPOSITES AND ALUMINUM

___________ _________ ~1aterja l  
__________ ____________ Com~osite

La minate
Property/Cha racter is t ic  Boron! Kevlar/ Graphite/ Fiberglass! Al um inurr Configura-

_______________________________ 
Epoxy Epoxy Epoxy Epoxy 2024 -T3 t~ on

Tensile Strength (ksi) 95 92 r~ 
90 75

Fa i lu re (~
) 

A
Tensile Elongation to 5 2 1 2

Tensile MQdulu s 17.3 5.6 t 9.2 3.7 10.5 A
(psi x 10) 

~

-

~~

- p _____ ~1I~ _ _ _ _ _

Cor~presslon Strength (ksi) 166 29.5 90 75 40 A
_ _ _ _ _ _ _ _ _  _ _ _  

p 
_ _ _  _ _ _  _ _ _

440 760 8.237 AStrain Energy (In-lb/in 3) 261 
r 

756 [~c [c Tc -

Interlam lnar Shear Strength ; 13 ,000 4,500 13 ,000 7.500 40.000 A
Ind iv i dual ~‘inimum (psi) 

__________ _________ 
_______ f

~ 

(typicai[. (tyoicalf~
Shear Strength Perpendicular 96 28 38 30 40 I
to Laminate Pla ne (ks i ) 

-— 
p ftj j

~
- [~

j
~

Impact St~ength 40 150 20 275 
— 

220 A
(ft-lb/In ) 

~~ _ _  
[~1

Fracture T?u~
hne ss 23 22 14 73 B

(ksi - in ) P (2O24-T4)~~~
Transverse Compression 45 20 31 20 40 4
Strength (ks i )  p 

-~~~~ -~ -_____

Rarcol Hardness 40-100 40-45 50-55 70 120 0

_ _ _ _ _ _ _ _ _  _ _  
7 _ _ _  P B~neuJI__

Crack Propaaation 0 .033 .020 .054 .113
F = (1/ 2 ~ 2/E) / Kc [

~ ~~ ___________ __________ ___________ __________

Buc kling Tolerance 2,872 165 828 278 420 A
(E xa-~) _ _  if ___P Fi fE _ _  _ _ _ _

Bearing Strength (ksi) 145 40 130 47 114 A
_ _ _ _ _ _ _  r~i _ _  1~

- 
_ _  _ _  _ _

Laminate Configuration 
_________

A. 00/900 Crossply; .040 thick; 

i:i:ii-l 
Reference SourceV f 60% 

_______ T = Sikorsky Aircraft Test DataB. 00/900/±450 C Calculated Value
C. ± 45°

Table 34 lists the mechanical properties for core materials. Here a
typical density has been selected , and just as the properties of composites
vary with laminate configuration and thickness , some properties of the
core materials would change substantially if other densities were used .
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TABLE 34. PROPERTIES OF CORE MATERIALS

Material 
____________

Property/Characteristic Aluminu m Nomex Structural
____________________________________ 

Honeycomb Honeycomb Foam

Density (lb/ft 3) 

— — 

6 c...... 6

Compression Strength (psi) 680 825 r 6,000
Specific Compressive
Strength (inches) .066 f~ 

.079 11C 
- 

.099

Shear Strength (psi) 455 260 1,800

Elastic Limit (%) 0.3 1.4 2.3
_ _ _ _ _ _  

ri-i ii~ ri-~Yield Point (Yes/No) Yes No No

_________ 

Source Reference
C = Calculated Value

Basic mechanical properties were used in part to establish damage tolerance
ratings for aluminum , the three comonly used composite materials (fiber-
glass , Kevlar and graphite ) and the three con~ionly used core materials(aluminum honeycomb , Nomex honeycomb and structural foam). The properties
used as aids to developing damage tolerance ratings are given in Table 35.
The ratings are surnarized as an element of the R&M assessment technique
described later in this report.
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TABLE 35. DAMAGE TOLERANCE RATING FACTORS

Damage Tolerance Rating Factor

Damage Mode Composites /Aluminum Core Materials

Abrasion Barcol Hardness

Denting Yield Point Elastic Limit

Puncture Shear Strength Per-
pendicular to
Laminate

Del anii nation Interl ami nar
Shear Strength

Cracking Strain Energy Yield Point
Impact Strength (Yes/No)

Fastener Damage Bearing Strength

Crushing Compressive Specific
Strength Compressive

Strength

Buckling Buckling Tolerance

Design Factors

In addit ion to the mechanical properties of the materials , characteristics
of the design may affect damage susceptibilit y and damage tolerance , and
hence the reliabilit y of the structure in service . Table 36 describes the
key design factors having a potential effect on structural reliability ,
either positive or negative . Later in this report , these factors and
others are used to develop an R&M assessment technique for advanced
structures design concepts .
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TABLE 36. RELIABILITY DESIGN FACTORS

Design Factor Effect on Reliab ility

- . More flexible than sandwich;Monol i thic Sheet greater impact strength .

St i f fened Sheet Similar to monol i thic sheet.
Construction — _________________________________

Form Sandwich Facings thinner than equivalently loaded monolithic
panels; more easily punctured . Less impact re-
sistant than monolithic sheet. Bond failures may

I occur betwee n core and fac i ngs due to ove rstress or
impact.

Open Section Less stable than closed section forms : more vulner-
able to twisting or bucklin g type failures .

St iffe ner Hol low Co re C l osed sec ti on more sta b le than open sect ion; less
Form vulnerable to buckl ing or twisting type failures .

Foam Co re Simi l a r  to hol low core .

Co-cured Excellen t bond strength due to resin intermixing .

Method of Adhesive Bond Simple structural joint. Cleanliness and quality
Assembly control critical to achieving structural integrity .

Mechan ical May loosen and cause fretting or separation of
Fasteners jo i nt.

Double Curva ture! Sharp exposed radii may be vulnerable to impact.
Wrapped Surface

Contou r — — --____________________________________
Fla t Surface Least vulnerable to impact.

Access ibi l i t y Restr i cted Inab i l it y to in spect p ro perl y may a l low flaws or
damage to p rogress to adva nced stages .

Lightly Loaded Damage has minimal effect on structural integrity ;
adjacent structure supports load in event of
local ized damage. Most easily damaged due to light-
we i gh t construct ion.

Load In tens i ty -~~~~~~ —- —-_____ ____________

Moderatel y Loaded Structural  in te gri ty mo re ser iousl y affec ted by
damage .

Heav ily Loaded Any damage is critical.

In ter face Equ ipment moun ti ng Loc a l s tructure reinforcement fo r equ ipmen t adds to
Constraints provisions and cut- complexity ; introduces potential failure modes .

outs. Affected by loads existing in structure and intro-
duced at int erface .
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MAINTAINABILITY FACTORS IN COMPOSITE STRUCTURES DESIGN

DESIGN FACTORS

The mainta inability of an airframe structure is a measure of the ease with
which it can be inspected , repaire d , and if a separable part of the air-
frame , replaced . Although static in nature , ai rframe structures may possess
characteristics that tend either to enhance or degrade mainta i nability .
Some of these characteristics are generic to the type of structure while
others vary with the particular design. Table 37 enumerates the si gnifi-
cant design factors affecting maintainability and describes the nature of
these effects. Figures 33 through 36 illustrate key factors . The R&M
assessment techn ique presented later in this report incorporates an evalu-
ation of these design factors .

INSPECT I ON

Composite materials , unlike metals , do not yield under stress. Although
superior in str2n gth to metals in many applications , the stress—stra in
curve for composites is essentially a straight line to fracture . This
property , coupled with the laminated construction of composites , presents
problems for inspection. A metal structure subjected to overstress or
severe impact wi l l  normal ly exhibit visible damage at the surface in the
form of cracks , dents or structura l deformation of some type. This may
not be true for a composite structure . Because of its elasticity , a com-
posite subjected to impact will tend to resume its natural shape (unless
the impact is severe enough to cause fracture). The impact , while produc-
ing no surface damage , may create shear stresses large enough to cause
internal delamina tion. Although exhibiting no physical evidence of damage ,
the structure may have in fact begun to fail .

Presently, for the few composites now in service the primary method of
inspection is audio sonic (coin tapping). Even at ~he depots , where moreadvanced techniques such as ultrasonics are ava ila~ t 3 , coin tapping is the
method most preferred. In the course of the surveys conducted under this
program , depot personnel reported that ultrasonics is a more complicated
and time-consumin g method of inspection and that it generally produces
no better results . Because of their large cross sections , rotor blades
are the one component for which ultrasonic techniques have been found to
be more effective than coin tapping.

Although coin tapping is considered a reliable method todEy , its use has
been confined to the inspection of relatively simple , noncritical struc-
tures , primarily aluminum honeycomb panels which produce disti nctive dif-
ferences in sound in areas where voi ds or delaminat ions are present. Fu-
ture aircraft will contain highly loaded prima ry structures comprised of
thick l aminate buildu ps , and areas of these structures may be relati vely
inaccessible to ins pection. Coin tapping will probably not be an effective
method of inspection for such structures .
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TABLE 37. ‘~A I,,r .K INA BIL I TY DES IG~. FACTORS

~1~~ 
---- --- -

~~~~~~~~~
— — - _ _

fle pipr Facto r  E~~ ec pr ~a irt a i r ab i l~ t~

T Monol ith ic  Sheet P.epairabil ity good when both sides o’ oa~ el exposed .
~ell - es t

1 i
~ ”ed repair procedures .

Sti~
fered ~beet t- ’e s e r c e  of Ct~~~ferers makes ret- air rcre corile~ .Construct ion

Form Sand~
..ich Bond failures letw eer core and facings may ~e

df~ ficu lt to detect. °er~ ir alil ity generall y good :
dariaced core can he filled in ard patched over.
Absence of ccynrle x shapes and curvatures sirnrli ~ ie~-
re pair .

Ut-er Section Easiest tr repair lecause all surfaces are exrosed.

Stiffener Hollow Core Repair lim ited to esterral sur’~.ce~ because pf in—
accessibility to irte r iC r .

Foam Core May ~‘~ er s l i r.ht advant aoe over ~rl1oe core s ince
core rate r ial car 5€ f il (ed-ir to provide a rold
for cure- in-place reoa r .

Co—cured Joirt is ren- arert ; must Ic cut apa rt ‘or repair.

Adhesive Bond Absolute c lea r l i ness  required tr achieve good hood;
diffic ult to irm~lere’- t in field erv i rorr e r t .

Method of V er ifi c s t i cr o’ i nt e g r i t y  o~ re pa i r  di”icu lt under
As r er ily field conditions. Sortie adhesives require refrigera-

t ion aed have l imi ted shelf l i fe .  High ski l l  re-
gui red .

Mechanica l  Easie st type of joint to disassemble.
Fasteners Caution needed ir use of necharical ‘~steners ‘or

repair to avoid introducirg stress c o t  c e r t ra t i o r s
and to avoid ircor no at ibi li t y of r’ater :als (aluminum
and graphite for example).

Double Curvature Ma~er~a~ must be stretC h ed or shrurk to cor ’orr to 3—
dimensional sur faces;  snecial molds rec ui red .  Labor
to laminate contoured rar ts related to amount o~
curvature .

Con tou r
Wrapped Surface Less d i f f icul t  to laminate than double curvature :

mold required. 
___________

Flat Surface Easiest to repair; no molds required .

Access ib i l i t y  Restr icted Poor access ib i l i t y  impedes i nc rec t i on . Pest r ic te d
access impedes on—aircra ft repairs ; limits the use
of equipment; increases the probabil ity of fau lt i
repair; adds to repair time .

Lightly Loaded Ouality of repair less critical than more heavily
loaded structures: visual inspecti on of repair
adequate .

Load IntensIty Moderate ’y Loaded quality of repair is important ; verification of
integrity via ron-destruct ive inspection technioues
may in necessary.

Heavily Loaded fluality of ret - air is critical : usua(ly requires re—
placement or custom-eng ineered repair. Ver i f ica t ion
of integrity via non-destructive inspection techn iques
will he necessary .

In terf ace Equipmen t mountino Requirements for eq u i r ie rt  interch~ nqe a h i l i t y  m or se
tnns~ ra ints  provisions and cut- d i r e rc i o n a l  constraints on repair (flush sur ’ace s for

outs. exar rie )
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FLAT SURFACE EAS IEST TO REPAIR. MOLD

~~~~~~~ 

WRAP SURFACE. MOLD REQUIRED
_____ TO LAMII.4ATE PATCH .

MOLD ~~~~~

COMPOUND CURVAT URE. MOST DIFFICULT
REPAIR.M ATER IAL $ MUST BE LAID UP IN STRIPS.

Figure 33. Effect of Contour on Repair
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S T R U C T U R A L  I N T E G R I T Y
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I I I~°r~7 I STANDARD

LIGHTLY LOADED STRUCT!JP REPAI R

M0DERAT: LOADED

STRUCTURE

C O M P L E X
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LOADED
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HEAVILY LOADED STRUCTURE

Figure 34. Effect of Load Intensity on Repair
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AuTO cLA V E

IDEAL REPAIR ENVIRONMENT

/~~~~~~~~~~~~~~~~~~~~~~~~~

‘K

DAMAGED FRAME

CONSTRAINED AREA REPAIR

Figure 35. Effect of Accessibility on Repair
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FLUSH SURFACE
MUST BE MAINTAINED
TO SEAT 8ELLCRANK

c~~I

7

IN TE RN A L
REPAIR
REQUIRED

Figure 36. Effect of Interface Constraints on Repair
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Besides ultrasonics , the other nondestructive method of inspection that
might be considered for composites is radiography . Like ultrasonics ,
radiography involves the use of complex equipment and very specialized
skills and appears highly unsuited to the Army field environment. Further
development work will be needed to provide an effective inspection capabil-
ity for advanced composite structures, either through design or through
improved maintenance skills and equipment.

REPAI R

Techniques for repair of advanced composite structures are being investi-
gated under a nun~er of R&D programs with the DoD. Most of this work to
date has been done within the fixed-wing comunity, where development of
advanced composite structures has been most active. Within the helicopter
industry, repair of advanced composites has been confined largely to rotor
blades , the first components to use these materials for primary structure
on a large scale.

Concepts employing advanced composites are now being proposed for many
areas of primary structure in the helicopter airframe. Little of this
work has progressed beyond the conceptual stage, and the specific form and
details of these designs are not yet established. Nothing substantial has
been done with regard to repair of these structures.

Repair assumes increasing importance for structures that are integral parts
of the airframe. Since integral structures tend to be complex and large ,
they are also the most difficult to repair. This presents something of a
paradox for R&I1. The structures that are easiest to repair (small fiber-
glass fairi ngs for example) are the ones for which repairability is least
crucial , since they are relatively inexpensive and easy to replace. The
structures that will be most difficult to repair (transmission support
beams for example) are the ones for which repairability is most crucial ,
since they are expensive and very difficult or impossible to replace. The
importance of repairability is also related to the expected frequency of
damage, of course.

Techniques for repair of light to moderately l oaded monolithic panels and
sandwich panels , either flat or single curvature, are already well
developed. The procedures are relatively simple , require only average
skills and are suited to the field environment. Largely conceptual at this
point are techniques for repair of heavily loaded structures such as
frames and beams and panels wi th double curvature surfaces. It is expected
that these techniques , when developed , could be relatively complex , require
substantial skill , and may not be suited to the field environment. Consid-
erable work in this area remains to be done.

The design of repairs for composite structures will have to satisfy cer-
tain cri teria related to strength and durability , functional performance
and technical feasibility . Some of the more significant of these are:

1. Restoration of structural strength and stiffness.
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2. Restoration of finish and special surface treatments (wire
mesh or conductive paint for lightning protection, for
example).

3. Restoration of (minimal change in) aerodynamic contour where
applicable.

4. Minimal weight increase.

5. Use of repair materials that are mechanical ly and chemically
compatible wi th the parent structure (avoidance of aluminwi
rivets in graphite , for example).

6. Use of repair materials that are compatible wi th the
temperature environment of the parent structure .

7. Use of mechanical fasteners only when the laminate charac-
teristics of the repair material and parent structure permit.

8. Preservation of the functional characteristics of the parent
structure (avoidance of interferences, etc.).

9. Avoidance of thickness changes that reduce or prevent
fastener engagement.

10. Avoidance of erosion , edge peel ing and other forms of repair
deterioration.

11. Ability to verify the structura l integrity of repair via
test or inspection.

12. Repair techniques , materials and equipment that are
compatible with the Army field environment.

13. For the combat environment, rapid restoration to flight status
via quickly performed (permanent or interim) repairs.

Table 38 and Figures 37 through 41 describe general types of repairs for
composite structures. The figures were taken from References 15 and 16.
The conditions under which each type of repair might be used are stated
and coninents are made relative to known limitations and constraints on
their use. Table 39 relates types of repair to generic types of damage.

15 Foreman , C., McGovern , S. A., and Knight , R., S-34 GRAPHITE/EPOXY
SPOILER FABRICATION OF TEN SHIPSETS AND DAMAGE REPAIR STUDY , Vought
Corporation Systems Division , Report No. NADC-76234-30, Naval Air
Development Center, Warminster, PA, May 1976 .

16 LaSelle, R. M., REPAIR PROCEDURES FOR ADVANCED COMPOSITE STRUCTURES,
VOL . II, REPAIR GUIDE , General Dynamics Corporation, Report No. AFFDL-
TR-76-57, Volume 2, U. S. Air Force Flight Dynamics Laboratory , Wright-
Patterson A i r Force Base, Ohio , December 1976.
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AIR GUNNOZZLE FOR INJECTION AND CARTRIDG EOF ADHESIVE

OUTLINEGRAPHITE/EPOXY FACING DELAMINATED
AREA

A
____ —

/

/

~~~~

DR ILL HOLES HONEYCOM B
APPROXIMATELY 1 ‘4-INCH IN CORE

FROM EDGE OF DELAMINATION

DELAMINATION INJECTIONPLIES OF GRAPHITF /FPOX Y FACING ADHESIVE

?Ii IiI!I IfI 1.J1L!9JJ~1 1 iI 1 I 
_____

DRILL HOLES APPROXIMATELY 114
INCH IN FROM EDGE OF DELAMINATION

SECTION A A

*Reprjnted from Reference 15.

FIgure 37. Injection Repair
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ISCRE PANT
_______________ _______________ PART

+ .50

DAJIACE CUT OUT

- CORE UNDERCUT

~
Ii
~
;ll

~
I ’ . 1 I ’ h t T ! ’  i”~i:

L 1,. s . s ~~~ ;i “I’ IF’~~,i! i1ItihiIi I iiitfflui1iti y iiiih~.iitii ; ThI1I lh IIIili 14
POTTING COMPOUND

*Reprjnted from Reference 16.

Figure 38. Potting Compound Repair
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181 GLASS CLOTH PREPR EG GR/ EP PREPREG

_______ r a  — z r _ r r —  r K  Z S Xp S Z

ftLL LLLL!±fII
~~

LI±LLJi
EPOCAST 1330

FIBERGLASS CLOTH PREPREG

~~~~~~~~ PREPREGI
CIRCULA R REC TANGULAR

TOP VIEW

*Reprinted from Reference 15.

Figure 39. Typical Skin Patch Repair
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STRIP HEATER

O.002•JNCH O.002.INCH NYLON FILM
ALUMINUM FOIL

VACUUM HOSE
ADAPTO R

WIRE FROM
STRIP HEATER

GR/EP SKIN
PATCH SENSOR

TEFLON GLASS

SEALING COMPOUND

WIR E FROM SENSOR

*Reprinted from Reference 15.

Figure 40. TypIcal Skin Patch Repair Setup
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ALUMINUM FOIL.
TE~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

THE RMOCOUPLE

vA
~~~

u Hos:
CU:M:~~~~

;

~~~~~~~~~ I~~~~~~~~~~ TE

- .

BAC S ~~~~~~

—- 
OUTER SKIN

*Reprjnted from Reference 16.

Figure 41. Stiffened Sheet Repair
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TABLE 29. TYPES OF REPAIR RELATED TO TYPES OF DAMAGE

dama g ing laminate fibers . I X
_ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ -

.. . • -- ---- -
4. Erosion or fretting of surface

material. x :~ 
x 

~~~~~~~~~~ 
. . -

~~~~ 
-

~~~~~~5. Dents caus ing delamination and! ~1
or core damage. I I I I X X I

€ . C uts or tears ln or throu qh - I - — - -

sheet or panel. I I I ~

7. Punctu~~~~~~ penetrations of 
- I 

structure. X I I I I X
- - i - -

~~~~~ 
- - - .

8. Surface cracks I I x 
- -~~~ -- -- _ _ _

9. Subsurface cracks In laminates
or core material. I I I X I I I _______

10. Delamination of plies or skin i 1
~~~~~ 

I

to-core bond. I I I 
f  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~11. CrushIng , buckling, deformation I

of structure. x
12. Severing of primary structural

member . I A
¶ .

~ 

-~~~~-~~~~~~~
13. FaIlure of mechanical joint or i 

I

splice. I I I 
~~~

. 
~~~~~~~~~~~ --~~~~ . _ _

14 . Elongated or oversize fastener

___±~
l
_
es. 

.~~ 
_ i _ _ . _ _~ ~~~~~15. Fastener holes torn through

edge member. 
- 

X I
j_______________ — 

x
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ADVANCED REPAIR CONCEPTS

Several approaches to repair of advanced composite structures in the field
are apparent. For large pieces of structure that are relatively inexpen-
sive to manufactur e but difficult to repair extensively in the field , a
throwaway concept might be considered. Under this concept , the structure
would be designed to be easily replaceable in the field and would be re-
moved and scrapped when major damage was sustained . Tail cones for small
to medium sized helicopter s are the types of structure that appear to be
attractive candidates for this design approach.

For less critical structures , a policy involving more extensive field
repair coupled with field expendabilit y in the event of major damage might
offer the minimum life-cycle cost sol ution. Development of low skill l evel
repa i rs and the use of the new rapid curing adhesives would be emphasized
under this approach.

Presenting the most formidable problem are large expensive structures that
cannot be repa i red in the field when major damage has been suffered. If
the structure is field replaceable , the options under present design
practices woul d be to either remove and scrap the structure or return it
to depot for repair. If the structure is not field replaceabl e, as in the
case of a cabin roof, the entire airframe would have to be scrapped or
returned to depot for repair. Very large repair costs would be suffered
in both cases , and in the latter case, extensive time out of service as
well -

Combat Damage Repair

In peacetime use of the hel i copter , major damage to primary structure of
the airframe will occur rarely. For such infrequently occurring events ,
the cost-effective pol i cy, intuitively, is to return the aircraft for
repair at depot rather than incur the logistics and economic pena l ties of
repair in the field. In combat the expected frequency of structural dam-
age increases dramatically, and repair at depot no longer appears to be
a viable approach.

Modular Design Approach

The concept of modular design of composite structures has evol ved as one
of the possible solutions to the problem of combat damage repair. The
major concern has to do with damage to large , integra l pieces of primary
structure that as presently designed and manufactured cannot be easily
repaired or replaced in the field. Frames and beams are components of
this type.

The concept illustra ted in Figure 42 would be to design the structure in
sections or modules of a size that can be removed and discarded in the
field. Replacement might be accomplished either through the use of mechan-
ical fasteners or through the provision of integral seams along which the
structure could be cut. As envisaged these seams would consist of
locally reinforced structure which when cut through would provide sufficient
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.4. .4-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.~-

+ + +. -4-. + +

/

‘~
‘
REMOVE DAMAGED SECTION BY
SAWING THROUGH STRUCTURE
ALONG BUILT-IN REPAIR STRIPS.

R~ PA~R STRIP

+ + +r LL~~~~~~~~—r~~~~~~~ 4. + + +
+

~~~~~~ I ~I
1 /U

INSTALL REPLACEMENT MO!~ULE
WITH MECHANICAL FASTENERS.

Figure 42. Modular Design Concept
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strengt~i for the installation of mechanical fasteners. When heavy damage
was sustained , fiel d personnel would literally cut away the damaged section
at specifi cally defined locations and install a prefabricated module using
rivets or bolts.

Although aimed primarily at combat damage repair , for some structures
modular design might be the most cost effective approach to repair of
major structural damage from any source (hard landings , ground vehicle
impact , etc.). For some structures , module replacement might have to be
accomplished at a wel l equipped division level maintenance base or at
depot , but despite this ,modules could be simpler and less costly than
conventional repair.

The use of repair strips appears to offer several potential advantages
over mechanically assembled modules . The original structure will weigh
less , since it will contain no mechanical fasteners and will require less
beefup than would be necessary if joints were installed from the outset
(part of the beefup will be in the module). It will also be less expensive
to manufacture since it involves fewer parts and assembly steps . Because
mechanical joints introduce failure modes not present in a monolithic
structure , the modular design will be more reliable as long as it remains
in the originally manufactured state.

It is anticipated that if this concept is shown to be technically feasible ,
it would be empl oyed in cases where major structural damage is expected to
occur infrequently but would require removal of the aircraft from service

F when it did occur. Thus , a large proportion of the fleet (except for
the combat situation) would be expected to compl ete its service life with
the original structure intact. That part of the fleet for which repl ace-
ment of modules became necessary would suffer a small weight penalty and
also some degradation in reliability , owing to the introduction of mechan—
ical fasteners . Further study of the modular design concept is covered
in the Recommendations section of this report .

110



DAMAGE TOLERANCE AND REPAIRABILITY TESTING

Fuselage skin panel s and bulkhead webs typically comprise over 20 percent
of helicopter airframe weight. Owing to their exterior location , these
areas of the structure are particularly vulnerabl e to environmental
stresses and foreign object damage.

Composite materials provide high strength at low weight for thin fuselage
construction. However, resistance to dents and punctures , a major con-
sideration for reliability and maintainabilit y , is also directly related
to material thickness. Minimum gauge thicknesses are specified for metallic
airframe design , primarily for durability purposes . No such criteria
currently exist for composites in any government specifications .

Tests were conducted to assess the damage tolerance and repa i rabili ty of
composite ma terials typically used in the construction of airframe skin
panels and bulkhead webs. The testing covered the commonly used composites
of both monolithic and sandwich construction over a range of material thick-
nesses. The results of the tests were used in part to assess the R&M
characteristics of advanced structures concepts and to develop R&M design
criteria for these structures.

SCOPE OF TESTING

Monol i thic panels were impact tested at varying energy levels to measure
the relative damage tolerance of aluminum and three commonly used composite
materials. A group of monolithic test specimens was subjected to impact
and the damaged specimens were tensile tested to failure to assess the
effects of impact damage on structural strength .

A second group of monolithic specimens was damaged by drilling a hole rep-
resentative of a ballistic penetration through each specimen . The damaged
specimens were tensile tested to failure to measure the loss of structural
strength produced by this type of damage. A third group of monolithic
specimens was damaged in the same manner , the damage was repaired , and the
repaired specimens were tensile tested to failure to assess the degree of
structural strength restored by simple field—type repairs .

Sandwich panels employing combinations of composite and alumi num facing
materials and alumi num and Nomex honeycomb core were impact tested at
varying energy l evel s to measure the relative damage tolerance of these
types of construction.

A group of sandwich panel test specimens was subjected to impact and the
damaged specimens were beam flexure tested to failure to assess the effects
of impact damage on structural strength. A second group of sandwich panel
test specimens was subjected to impact at the same energy level . The re-
sulting damage was repaired and the repaired specimens were beam flexure
tested to failure to assess the degree of structural strength restored by
simple field-type repairs .

ill



TEST METHODS

Impact Testing of Monolithic Panels

A total of 64 monolithic panels was fabricated for impact testing. An
equal number of panels (16 each) were fabricated from fiberglass/epoxy ,
Kevlar/epoxy , graphite/epoxy and aluminum . Table 40 describes the material ,
thickness , ply orientation and stacking sequence of the panels , each of
which was made approximately 6 inches square.

TABLE 40. MONOLITHIC IMPACT TEST SPECIMENS

Material Qty . 
- 

T~~~~~ ss Laminate Layup

7781/5143 4 .020 0, 90)
10 mil 4 .040 0, 90) 2
Fiberglass! 4 .060 0, 90) 3
Epoxy 4 .080. (0, 90) 4

AS/RAC 6350 4 .024 (0, 90, 0)
8 mil  4 .040 (0, 90, 0, 90, 0)
Graphite! 4 .056 (0, 90, 0, 90, 0, 90, 0)
Epoxy 4 .072 (0, 90, 0, 90, 0, 90, 0, 90)

285/5143 4 .02C (0, 90)
lO mi l 4 .040 (0, 90) 2
Kevlar/ 4 .060 (0, 90) 3
Epoxy 4 .080 (0, 90) 4

2024-T3 4 .016 -

Al umi num 4 .025 -

Alloy 4 .032 -

4 .040 -

Total 64

The impact tests were performed with a dart impact tester (Figure 43).
Each specimen was clamped to a rigid metal frame and placed on a hollow
square metal base wi th the center of the panel aligned with the vertical
cylinder containing the impact projectile, a 2—pound , 0.75-inch-diameter ,
spherical—nosed weight. The projectile, guided wi thin the vertical cyl-
inder , was dropped from various heights corresponding to impact energies
of 20, 30, 40 and 50 inch-pounds , one of each set of four panel s impacted
once at one of the four energy levels. The energy l evel s were chosen to
represent the type of impact that would be caused by dropping typical
hand tools. After each impact test, the type and size of the resulting
damage were recorded.

112



/

- 

;. ~- -

— f
I

Figure 43. Impact Test Setup

Impact and Tensile Testing of Monolithic Panel s

A total of 48 monolithic test specimens was fabricated for impact and ten-
sile testing. An equal number of specimens (12 each) were fabricated from
fiberglass/epoxy , Kevlar/epoxy , graphite/epoxy and aluminum. Tabl e 41
l ists the materials , thicknesses, ply orientation and stacking sequence of
the test specimens . The configuration of the metallic and nonmetallic
specimens is also shown .
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TABLE 41. MONOLITHIC IMPACT AND TENSILE TEST SPECIMENS

Material Qty. (t)(• h Laminate Layup

7781/5143 3 .020 (0,90)
10 mu 3 .040 (0 ,90 2
Fibergl ass/ Epoxy 3 .060 (0 ,90 3

3 .080 (0 ,90)4

AS/ RAC 6350 3 .024 (0,90,0)
8 mu 3 .040 (0 ,90,0,90,0)
Graphite/Epoxy 3 .056 (0,90,0,90,0,90,0)

3 .072 (0,90,0,90,0,90,0,90)

285/5143 3 .020 0,90)
10 mu 3 .040 0,90)2
Kevlar/Epoxy 3 .060 0,90)3

3 .080 0,90)4

2024-T3 3 .016
Al umi num 3 .025
Alloy 3 .032

3 .040

Total 48
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Two of each set of three test specimen configurations were impacted at an
energy level of 60 inch-pounds using the dart impact tester previously
described . After each impact the type and size of the resulting damage
were recorded. The undamaged specimen and one of the two damaged speci-
mens of each configuration were then tensile tested to failure in a Riehle
20,000—pound-capacity FA-20 testing machine at a cross-head speed of .20
inch per minute (Figure 44). The average load level at which the damaged
specimens failed was compared to the load l evel at which the undamaged
specimen failed to measure the loss of strength produced by the impact
damage.

Figure 44. Tensile Test Setup

Originally it was planned to repair the second of the two damaged speci-
mens of each configuration and tensile test it to failure to assess the
effectiveness of the repair. This was not done for reasons explaine d
later in the discussion of the test results .
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Through-Damage Repair and Tensile Testing of Monolithic Panels

A total of 27 monolithic test specimens was fabricated for through-damage
repair and tensile testing . An equal number (9 each) were fabricated from
fiberglass/epoxy , Kevlar/epoxy and graphite/epoxy . The configuration of
the test specimens was as shown in the sketch accompanying Tabl e 41. The
material , thickness , ply orientation and stacking sequence of the 27 speci-
mens are given in Tabl e 42.

TABLE 42. MONOLITHIC THROUGH-DAMAGE REPAIR AND TENSILE TEST SPECIMENS

Material Qty. TP~i1
ckn~ss Laminate Layup*

7781/5143 1 1
10 mu 9 .040 L0°J 

~Fiberglas s/Epoxy

AS/RAC 6350
8 mu 9 .040 [o°] 

~Graphi te/Epoxy

285/5143 r10 nil 9 .050 L90°, 00, 900 0°, 90°]Keviar Epoxy

Total 27

* 00 = warp direction of pre-preg; 90° = fill direction .

In six of the nine specimens of each type (total of 18), a 5/16-inch-dia-
meter hole was drilled through the approximate center of the gage section
to represent a ballistic penetration of 7.62 mm caliber. Half of each
group of specimens containing the drilled hole were repaired using simple
field-type procedures.

Monol i thic Graphite Repair

The graphite specimens were repaired with titanium sheet as follows :
Loose splinters surrounding the drilled hole were removed . Patches
were cut from .016-inch-thick annealed titanium sheet (MIL-T-9046 ,
Type III , Composition C-6AL-4V) as shown in Figure 45. The bonding
surface of each patch was abraded with fine sandpaper and the surfaces
of the patches and specimens were cleaned with solvent. EA9309.2
paste adhesive (Hyso l Division , Dexter Corp.) was appl ied to the sur—
faces of the specimen to be repaired using scrim cloth for uniform
thickness. A titanium patch was appl i ed to one side of the specimen
and pressure was applied with a plate and clamps using a parting film
over the patch. The patch was allowed to cure at room temperature
for 24 hours and a second patch was applied to the opposite side of
the specimen using the same procedure .
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Figure 45. Monolithic Graphite Repair

Monol i thic Fiberglass and Keviar Repair

Two circular patches were cut from Type 181 fiberglass cloth as shown
in Figure 46. The surface of the test specimen was cleaned wi th sol-
vent and the two-ply patch was applied to one side using a mixture of
Epon 828 resin and 10% catalyst Type DTA. A pressure caul separated
from the patch wi th a parting cloth was used to apply pressure , and
the patch was allowed to cure at room temperature for 24 hours . The
cavity formed by the drilled hole in the specimen closed on one side
by the patch was filled with EA9309.2 paste adhesive and allowed to
cure. A two-ply fiberglass patch was then appl ied to the opposite
side of the specimen in the same manner as the first.

.50”
TYP~~~~~~~~~~~~~ 

_
TWO-PLY FIBERGLASS

PATCH BOTH SIDES

J

\— HOLE FILLED WITH EA9309.2

PASTE ADHESIVE

Figure 46. Monolithic Fiberglass and Kevlar Repair
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The three control specimens (no drilled hole), three damaged specimens
(drilled hole) and three repaired spec imens (patched hole) in each set of
nine specimens were tensile tested to failure in the Riehl e testing machine
described and illustrated earlier. The average l oad l evel at which the dam-
aged specimens failed was compared to the average load level at which the
undamaged specimens failet.~ to measure the loss of strength caused by thedamage. The average load l evel at which the repaired specimens failed was
compared to the average load l evel at which the damaged specimens failed to
measure the degree of strength restored by the repair.

Impact Testing of Sandwich Panels

A total of 96 sandwich panel s was fabricated for impact testing. An equal
number of panel s (24 each) were fabricated with facings of fi berglass/epoxy ,
Kevlar/epoxy , graphite/epoxy and aluminum. The panels were fabricated with
facings of the same materials , thicknesses , ply orientation and stacking
sequence used for the equivalent monolithic panel s listed in Tabl e 40.
Backfacings were made .020 inc h thick for the nonmetallic panels and .016
inc h thick for the metallic panels. Half of each specimen group (12 each)
were fabricated wi th Nomex honeycomb core and hal f with aluminum honeycomb
core . Both core materials had a 3/16-inch cel l size and a density of 3
pounds per cubic foot. Each panel was a minimum of 6 inches square. The
sandwich panel impact test specimens are listed in Tabl e 43.

The impact testing was conducted with the same test setup used to conduct
the monolithic panel impact tests. The sandwich panel s were centered on
the square metal base and were impacted by the 2-pound projectile dropped
from distances corresponding to impact energies of 20, 30, 40 and 50 inch-
pounds , one of each set of four panel s impacted once at one of the four
energy levels. After each impact test the type and size of the resulting
damage were recorded.

Damage, Repair and Test of Sandwich Panel s

A total of 72 sandwich panel test specimens was fabricated for damage ,
repair and beam flexure testing (Table 44). The panel s were fabricated
using the same facings , backfacings and core sections used for the equiva-
lent sandwich panel impact test specimens. The configuration and dimensions
of the beam fl exure test specimens are shown in the figure accompanying
Table 44.

Two of each set of three specimens were impacted at an energy l evel of 60
inch-pounds using the impact test procedure described previously. The
type and size of the resulting damage were recorded . One of the two dam-
aged specimens was then repaired usin g a simple field-type repair.
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TABLE 43. SANDW ICH PANEL IMPACT TEST SPECIMENS

Sandwich Core 
_______ 

Thickness (inch)
Size (inch) Density

Facing Material Mat’l Cell Foil lb/ft3 Qty. T1 12

7781/5143 HRH 10 3/16 .002 3.0 4 .020 .020
10 mu Nomex .005 6.0 4 .030 .020

4 .040 .020
Fiberglass/ 5052 3/16 .001 3.1 4 .020 .020
Epoxy Al um. .002 5.7 4 .030 .020

4 .040 .020

AS/RA C 6350 HRH 10 3/16 
.002 3.0 4 .024 .024

8 mil Nornex .005 6.0 4 .032 .024
4 .040 .024

Graphite! 5052 3/16 .001 3.1 4 .024 .024
Epoxy Al um. .002 5.7 4 .032 .024

4 .040 .024

285/5143 HRH 10 3/16 .002 3.0 4 .020 .020
10 mil Nome x .005 6.0 4 .030 .020

4 .040 .020
Kevlar/ 5052 3/16 .001 3.1 4 .020 .020
Epoxy Al um. .002 5.7 4 .030 .020

4 .040 .020

2O24-T3 HRH 10 3/16 .002 3.0 4 .016 .016
Al uminum Nomex .005 6.0 4 .020 .016
Alloy 4 .032 .01.6

5052 
3/16 

.001 3.1 4 .016 .016
Alum. .002 5.7 4 .020 .016

4 .032 .016

Total 96
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TABLE 44. SANDWICH PANEL IMPACT AND REPAIR TEST SPECIMENS

Sandwich Core 
_______ Thickness(in)

Size (i nch)
Facing Material Mat’l Density Qty. T1 12

________________________ 
________ 

Cell Foi l lb/ft3 
_____ ______ ______

7781/5143 HRH 10 3/16 .002 3.0 3 .020 .020
10 mu Nomex .005 6.0 3 .030 .020
Fiberglass/Epoxy 3 .040 .020

5052 3/16 .001 3.1 3 .020 .020
Al um. .002 5.7 3 .030 .020

______________________ 
_______ _____ _____ ______ 

3 .040 .020

AS/ R.AC 6350 HRH 10 .002 3,0 3 .024 .024
8 mi l Nomex 3/16 .005 6.0 3 .032 .024
Graphite/Epoxy 3 .040 .024

5052 3/16 .001 3.1 3 .024 .024
Al um. .002 5.7 3 .032 .024

______________________ _______ _____ 

3 .040 .024

285/5143 HRH 10 .002 3.0 3 .020 .020
10 mu Nomex 3/16 .005 6.0 3 .030 .020
Keviar/Epoxy 3 .040 .020

5052 .001 3.1 3 .020 .0203/16 .002 5.7 3 .030 .020Alum .
3 .040 .020

2024-13 HRH 10 3/16 .002 3.0 3 .016 .016
Aluminum Nomex .005 6.0 3 .020 .016
Allo y 3 .032 .016

5052 .001 3.1 3 .016 .0163/16 .002 5.7 3 .020 .016A l urn.
3 .032 .016

Total 72 / —
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~phite-Fa~ed Sandwich Panel Repair

The damaged facing and core material was removed from the panel , leav-
ing any large splinters extending outside the area of e x t e n s i v e  damage
to be bonded in place during the repair. The cutout core area was
filled with syntactic foam, allowed to cure and sanded flush with the
facing. Patches were cut from .016-inch-thick annealed titanium
sheet (MIL-T-9046 , Type III , Composition C-6AL-4V) as shown in Figure
47. The bonding surfaces of the titanium patches were lightly abraded
and these surfaces and the surface of the panel were thoroughly
cleaned with solvent.

I ~~MAGED AREA

2.00 ” — 

2 PLY TITANIUM

~; 
-

~~~~ 

~~~~~~~ 

_ _ _  

//
~11III I1UHI 111• IIHI IIIII1 H11HI~

FILL WITh ~~NTACT IC
FOAM

Figure 47. Graphite-Faced Sandwich Panel Repair

The larger of the two patches was bonded to the surface of the panel
over the damaged area using EA 9309.2 paste adhesive and scrim cloth
to provide uniform bond thickness. A parting film was placed over
the patch and weighted to apply pressure . The patch was allowed to
cure for 24 hours at room temperature , fol l owing which the second
smaller diameter patc h was bonded to the first using the same pro-
cedure.
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Repair of Fiberglass and Kevlar-Faced Sandwich Panel s

Damaged facing and core material was removed and the damaged core
area was filled with syntactic foam , allowed to cure and sanded flush
with the facing . A two-ply fiberglass patch was appl i ed in the manner
described for repair of the fiberg lass and Keviar monolithic test
specimens.

Repair of Aluminum-Faced Sandwich Panels

Repair of the aluminum-faced sandwich panels was essentially the same
as the repair of the graphite-faced panels except that aluminum sheet
was used in lieu of titanium sheet to form the patches.

The control specimen , damaged specimen and repaired specimen in each set of
three specimens were beam flexure tested to failure . Testing was conducted
in a Riehle 20,000-pound-capacity FS-20 testing machine (Figure 48). The
tests were conducted using a two-point loading method in accordance with
Reference 17. The load level at which the damaged specimen failed was com-
pared to that at which the undamaged specimen failed to measure the loss of
strength caused by the impact damage. The load l evel at which the repaired
specimen failed was compared to that at which the damaged specimen failed
to measure the degree of strength restored by the repair.

I if ~~~~~~

-

Figure 48. Beam Flexure Test Setup

17 American Standard Test Method ASTM C393-62, Flexure Test of Flat
Sandwich Constructions (Reapproved 1970).
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TEST RESULTS 

- -

The results of the damage tolerance and repairability testing are described
next. Detailed test results are presented in Appendix B.

Impact Tests of Monolithic Panels

Figure 49 summarizes the results of the monolithic panel impact testing.
For impact energies corresponding to typical hand tool drops (20-30 inch-lb
range), all three of the composites and the aluminum appear to show accept-
able damage tolerance , based on the visible damage sustained . Typical
damage is shown in Figures 50 through 54. A thickness of .020 inch appears
to represent a minimum gage for composites in applications where minor
i mpact is expected at some significant frequency .

For higher impact energy levels the thin composites show a tendency to
fracture , whereas the aluminum , because of its capacity to yield , tends to
dent. i~. the case of the thinnest Kevlar and graphite panel s, complete
penetration occurred at the 50—inch-lb energy l evel . This suggests that
the minimum gage for composites should be increased to .040 in~h or thickerin applications where frequent impact at higher energy levels (dropped
parts , shifting cargo , etc.) is anticipated .

Figure 55 shows the genera l behavior of aluminum and monolithic composites
subjected to impact. Al uminum is characterized by progressively deeper
denting as the impact energy l evel increases. Because of their inability
to yield under stress , composites typically experience three stages of
damage. At low energy l evels the composites either experience no damage
or suffer mi nor subsurface damage (local del amination) appearing as a
l ocal blemish or discoloration of the laminate . A point is reached at
which impact begins to produce visible damage in the form of broken fibers
and surface fractures . These appear both on the side of the impact and on
the opposite side of the laminate and become progressively more severe
until compl ete penetration of the material occurs. The unidirectional
graphite experienced substantial splintering of the opposite face at the
higher impact energy levels. The energy l evels at which the three types
of damage occur are dependent on such factors as the thickness and con-
figuration of the laminate and the shape of the impacting object.

For equivalent thicknesses , the amount of damage sustained at low energy
l evels indicates the following ranking of damage tolerance:

Fiberglass (best)

Graphite (second best)

Kevlar (poorest)
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Figure 49. Summary of Monolithic Panel Impact Testing
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Figure 50. Typical Subsurface Damage

Figure 51. Typical Fracture
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Figure 52. Typical Penetration
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Figure 53. Typical Splintering of Unidirecti onal Graphite Panel
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Figure 54. Typical Impact Damage to Al uminum Panels
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Figure 55. Characteristic Behavior of Al uminum and Composites
Subjected to Impact
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Impact and Tensile Tests of Monolithic Panel s

Originally it was planned to investigate the relative repairabilit y of the
three composite materials and aluminum by repairing and testing impact-
damaged spec imens. The pl an called for building three specimens each of
several configurations , impacting two of the three at an energy level of
60 inch-lb , repairing one of the two impact-damaged specimens , and tensile
testing all three specimens to failure. The load level s at which failure
occurred were to be compared to assess the effectiveness of the repair.

After the specimens had been impacted as described , the undamaged specimen
and one of the two damaged specimens in each set of three were tensile
tested to failure . A comparison of the load l evel s at which failure oc-
curred showed , wi th few exceptions , that the 60-inch-lb energy level did
not produce sufficient damage to warrant structural repair. Figure 56
presents the results of the fi berglass panel tests. Moreover, calculated

UN DAMAGED
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Figure 56. Sumary of Tensile Tests of Fiberglass Monolithic
Panels Damaged by 60-Inch-Lb Impact
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failure stresses showed a number of anomalies with published material prop-
erties data . These were bel ieved to be due to normal statistical scatter ,
but since the plan called for a single test of each configuration , there
was no way to reconcile them. It was concluded that it woul d not be pro-
ductive to conduct the repair phase of the testing , and a more positive
test i nvolving multiple test samples was proposed to and accepted by the
Arn~y.

Through-Damage R~pair and Tensile Testing of Monolithic Panels

Under the revised plan the repairability of the three monol i thic composite
materials was assessed by repairing and testing specimens damaged by sim-
ulated ballistic penetrations. Test procedures and repair methods were
described earlier. Repair of aluminum was not included in the monol i thic
panel testing because field repair methods for aluminum were already wel l
established . Calculations were made to compare analytically the strength
in tension of a repa i red aluminum sheet configured like the composite test
specimens . Fi gure 57 shows a typical riveted repair on which the calcula-
tions were based.

ç 4 MS 20470 - AD4 RIVET S

___ _ _ _ _ _ _ _ _ _ _ _ _ _  ____  / I
,e

s1 
DIAMETE R

I

. - _ _ _ _

L - - _  

0 0

ALUMINUM PLATE
~~~~~r ‘- - - r
I I  ( I
I I  I~~~I , I

Figure 57. Repair of Al uminum Tensile Test Specimen Damaged
via a Drilled Hole

Figure 58 shows the results of these tests. Al so shown are the comparable
values calculated for aluminum. In each case the 5/16-inch drilled hole
simulating a ballistic penetration caused a significant loss of tensile
strength . Reductions in load capability averaged approximately 50 percent
for the fiberglass/epoxy and the Keviar/epoxy and approximately 40 percent
for the graphite/epoxy . Typical failures are shown in Figure 59.
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Figure 58. Summary of Tensile Testing of Through-Damaged and
Repaired Monolithic Panels
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Figure 59. Typical Fai lures of Monoli thic Test Specimens

A substantial restoration of strength was achieved wi th the f ield -type
repa i rs. Increases in load capability averaged approximately 65 percent for
the fiberglass /epoxy , 50 percent for the Kevlar/epoxy and 35 percent for the
graphite/epoxy.

In every case , failure of the repaired specimens occurred outside the area
of the drilled hole. With the fiberglass and Keviar specimens , failure oc-
curred at the edge of or slightly beyond the patch. Failure of the graphite
specimens occurred initially as a separation of the bond between the titan- V

ium patc h and the graphi te , followed by a failure through the drilled hole.
In a l l cases the repair was successful in reducing the stress concentration
~t the hole. However , other Stress concentrations created by the repairs
themselves became the points of failure .

The simple field -type repairs employed in this test succeeded in restoring
the specimens to within 80 to 85 percent of their original strength. If
the load level failing the control specimens is viewed as an ultimate load ,
the repa i rs were successful in restoring the strength of the specimens to
a value comfortably above limit load (typically 2/3 of ultima te). In
practice , airframe structures should never be subjected to ultimate loads
in service .
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The type of loading used in this test (uniform tension across the specimen)
is more severe than most of the airframe experiences in service. Stiear
panel s comprise the major part of the aircraft skin and bul khead webs , and
the shear stresses in these structures are typically much l ower than the
tensile stresses applied to the specimens during the test. However, tension
loaded longerons and beam caps could be designed for high tensile loads ,
and repair of these components might be considered a potential probl em area .

A smaller percentage reduction from the original strength could undoubtedly
have been achieved through the use of custom-engineered repairs (carefully
built up and tapered patches , etc.). Restoration to 100 percent of original
strength is probably impossible in cases where the structural element is
uniformly l oaded in tension (as in these tests), since no matter how care-
fully engineered , the repair will develop some type of stress concentration.

As shown in Figure 58, because aluminum suffers less severe stress concen-
trations than the composite materials , less of its original strength is lost
when equivalent damage is sustained . However , the typical riveted repair
introduces additional holes in the material , and thus restores less effec-
tive cross section and hence less strength than the bonded composite
repai rs.

This suggests that damage to composites will be generally more critical than
equivalent damage to aluminum . As a result , serviceability criteria for
composites will have to be more specifically defined , particularly that
related to deferrability of damage . Further development work in the area
of quick-fix field repairs is also required .

Sandwich Panel Impac t Test Results

Figures 60 and 61 present the results of the sandwich panel impact tests .
As shown by the plotted data , for all four facing material configurations ,
the aluminum honeycomb panels sustain a greater degree of measurable in-
dentation than the equivalent Nomex honeycomb panels. Damage to the com-
posite-faced panels of both core types included shal l ow dents and either
fractures or complete penetrations of the facing material . Damage to the
composite-faced aluminum honeycomb panel s tended toward deeper dents and
fewer fractures , while that of the composite-faced Noi~ex honeycomb panelstended toward fewer and shallower dents and more frequent fractures . The
aluminum-faced sandwich panels of both core types dented more readily than
the composite-faced panels but did not fracture.

The aluminum honeycomb panels suffered a greater degree of measurable
damage than the Nomex panels , and also had a greater propensity for denting
versus fracture because the aluminum honeycomb tends to crush upon impact
and remain depressed , whereas the Nomex tends to break or crack upon impact
and then return to its original shape. Figure 62 illustrates the two types
of core damage. As a result the Nomex honeycomb panels tend to sustain
less surface damage upon impact but also to suffer more hidden subsurface
damage. During the tests, some of the Nomex panel s showi ng minor surface
damage after impact were discovered to have detectable subsurface damage
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Figure 62. Typical Core Damage Sustained by Sandwich Pane 1s
Subjec ted  to Impac t

4 evidenced by an ability to locally depress the facing and a crinkling sound
of the damaged core beneath .

A rating of the impact tolerance of the sandwich panels , based on v i s i b le
surface damage , shows the Nomex co re panel s to be superior in every case.
For the Nomex panels the amount of damage sustained appears to be only mod-
erately affected by the thickness of the facing and largely independ~nt ofthe facing material , whether composite or a luminum . Damage to the aluminum
honeycomb panel s appears to be much more affected by the thickness of the
facing. The al uminum -faced /aluminum honeycomb ranels appear to be more
damage tolerant than the composite -faced/aluminum honeycomb panels , among
which no significant variation in damage tolerance is apparent.

For all three of the composite material s, and to a lesser extent for the
aluminu ”~, the material tends to suffer greater damage when used as the
facing of a sandwich panel than it does in monc 1ithic form . A comparison
of damage versus impact energy is shown for 0.040-inch-thick Kevlar in
Figure 63. The reduced damage tolerance of materials used in sandwich
parlel facings is due to the greater stiffness provided by the s ndw ich form .
In monolithic form the composites are resilient and tend to resume their
original shape after moderate impact . When used as a facing of a sandwich
panel , the materials have less f lexibi l i ty and thus must absorb more energy .

135



- ‘4.

. 12

10 ALUMINUM
HONE YCOM B

DEPTH . 08-
OF

D A M A G E ,
IN. .06 NOMEX

HONEYCOMB

V ~~~~~~~~~~~~~~~~~~~~ NoLIT:c

I M P A C T  ENERGY , IN. -LB

Figure 63. Relative Damage Tolerance of .040 - Inch-Thic k Kevlar
Used as a Sandwich Panel Facing and in Mono lithic Form

Also , the core material when crushed (especially the aluminum) tends to stay
permanently deformed and prevent the facing from r e s u m i n g  i t s  f l a t  shape
unless the bond is broken .

Sandwich Panel Damage, Repair and Beam Shear Test Results

Figures 64 and 65 present the results of the sandwich panel damage , repair
and beam shear tests. Unlike the monolithic panel impact testing reported
on earlier , impact at an energy l evel of 60 inch-pounds did cause a signi-
ficant loss of strength in the sandwich panels. All tests were conducted
with the damaged face on the compression side of the panels, and all panels
experienced buckl i ng failures through the damaged area , indicative of a
loss of compression stability . A typical failure is shown in Figure 66.
Significant from the standpoint of R&M is the fact that the Nomex panel s,
while exhibiting significantly less surface damage , appear to suffer a loss
of strength due to impact roughly equivalent to that of the aluminum honey-
comb panels. This probably would not be true for the tension side of the
panel , however , where the integrity of the facing would provide the primary
resistance to failure . The fact that damage can be sustained without visi-
ble evidence may present fiel d inspection problems for some types of struc-
ture.
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Figure 66. Typical Failure of Sandwich Panel Beam Shear
Specimen

As shown by the plotted test data , :he field-type methods used to repair
the damaged sandwich panels succeeded (with just two exceptions) in restor-
ing most or all of the strength to the panel . In a number of cases the
repaired panels actually failed at a higher load than the undamaged panels.
The effectiveness of the repairs is attributed to the added stiffness they
provided to the panel , which in turn improved compression stability and
prevented buckling within the repaired area . Most failures of repaired
panel s occurred as buckl i ng of the panel at the edge of repair.

Two of the repaired fi berglass-faced panels , one with Nomex core and one
with aluminum core , failed at substantially l ower load level s than the
respective control specimens. This may have been caused by random varia-
tion in the repair procedures or test methods , or possibly by the presence
of undetected core damage extending outside the area of the patch. The
design of sandwich panel repairs should consider this possibility and ,
where significant , spec i fy a larger patch than might be indicated by the
size of the visible damage alone. This may be particularly significant
for the Nomex core panel s which tend to suffer more hidden damage.
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As reported ear ier , equivalent types of repair appl ied to the monolithic
panel s that were tested in ten sion did not provide an equivalent restora-
tion of strength . None of the repaired monolithic panels were restored to
wi t h i n  10 percent of their original streng th. This demonstrates that re-
pair of structure loaded in compression , where the primary requirement is
to restore stability , is generally less criti cal than repair of structure
loaded in tension , where the requirement is to restore strength. Repair of
structure loaded in shea r would fall between these limits in terms of load-
ing in service, and most repairs must th erefore satisfy multiple require-
ments .
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R&M/COST ASSESSMENT TECHNI QUE

One of the objectives of this program was to develop an R&M and cost assess-
ment techniqe for advanced structures concepts. The initial approach to
developing a technique was quantitative , based on a system of numeri cal
weights  and scores which  ware u sed to assess the various characteristics
of a design. Attempts to apply the technique to actual designs did not
produce satisfactory results , however, and after several modifications a
basically qualitative approach evolved. The difficulties that were encoun-
tered wi th quantitative assessment are reviewed briefly before describin g
the final technique .

ORIGINAL QUANTITATIVE APPROACH
V Because of the lack of experience data on which to base numerical R&M p re-

dic t ions , the weighting and scoring values used with the original method
were chosen to represent relative rankings and order-of--magnitude differ-.
ences in .d.esign attributes suggested by engineering j udgment and analysis.
Table 45 summarizes the original technique.

V In that scheme damage potential was one of the variables evaluated via the
method of numerical weighting and scoring. Damage potential , it was rea-
soned , is related to an aircraft’ s exposure to environmental hazards and
to the level of exposure of specific components of the airframe to these
hazards . Since both of these factors can vary wi dely based on the type of
a i r c r a f t, its mission and operating environment , there are no quantitative
values that can be used to express then universally. A simple weighting
scheme was therefore devised , assigning to the most prevalent hazard , air-
craft vibration , a weight of ten, and to the least prevalent hazards , bird
strikes for example , weights of one. The remaining environmenta l hazards
were assigned integer values between one and ten based on their average
relative frequency of occurrence .

In his assessment of damage potential using the original technique , the ana-
lyst was requi red to check off the environmental hazards to which the given
structure would be exposed in service and to rate the level of exposure to
each hazard as low , moderate or high , based on the location of the Structure
in the aircraft and the degree of protection that it receives relative to
that hazard . Numeri cal weights were assigned to each of the three hazard
exposure ratings. A damage potential score was then deri ved as a product
of the hazard frequency and hazard exposure ratings.

When the method was applied to various types of structural designs , the
results often appea red inconsistent and unrealistic. Also , although the
damage potential numbers were intended only to pinpoint possible areas of
concern , they began to be Interpreted as failure rates , and this made them
app ear even more unrealistic. Adjustments to the weighting values were
tried , but this only produced distortions of other kinds.

The problem with the numerical scoring approach carried over to other areas
of the R&M analysis. In assessing material factors related to reliability ,
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TABLE 45. SUMMARY OF ORIGINAL R&M ANALYSIS TECHNIQUE
SCORING AND WEIGHTING SCHEMES

R&M Variable/Design Characteristic Scoring or Weighting Scheme

Environmental Hazards 10 most prevalent hazard

1 = least prevalent hazard

2-9 = intermediate values

Level of Exposure to Hazards 1 = low level of exposure

2 = moderate level of exposure

3 high level of exposure

Damage Potential Product of environmental hazard weight
and level of exposure weight; sun~ied toyield score by damage mode.

Damage Tolerance of Materials 10 = most damage tolerant material

< ~Q = lower damage tolerant materials

/ Assigned to aluminum sheet, composite
V laminates and core materials for specific

damage modes, based on characteristic
mechanical properties 

________________

Reliability Rating - Material Product of damage potential score and
Factors damage tolerance weights ; sunred to

yield score by damage mode. 
_______

Reliability Rating - Design 10 most positive attribute
Factors

Maintainabi lity Rating - Design 1 = least positive attribute
Fac tors

Maintainability Rating — Maintenance 2-9 intermediate values
Fac tors

for example , numerical values were developed to represent the relative dam-
age tolerance of various materials based on specific mechanical properties.
These values were then applied to the damage potential estimates to assess
relative imp rovements or degradations in reliability . The intent was to
assess the degree to which the choice of material had the potential for
reducing or increasing the frequency of in-service damage or failure . But
when the technique was applied to actual structures designs , the results
produced often appeared to indicate variations in potential reliability
that conflicted with engineering judgement or known experience. It was
recognized that differences in ply orientation ca n drastically affect
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damage tolerance , and the possib~e combinations of these properties were
much too numerous to evaluate . Figure 67 shows that two mater ials each
hav ing different damage tolerance characteristics can be equally ~c-cept-
able in a given application depending on the thic )~ness used.

DESIGN TOLERANCE L I M I T ,q7~~~~ 
/

~~~~~~~ J 

TO~~~~~~E V

CUMULATIVE % OCCURRENCES THICKN ESS

* RANGE OF PRACTICAL
DESIGN VAL UES

Figure 67. Effect of Material Thickness on Damage Tolerance

The weighting and scoring methods applied to the other P~V attributes suf-
fered similar problems and , when the products of the ind ividual analyses
were combine d , a plausible conclusion about the R&M of a desicn concept
could rarel y be drawn . The following is illustrative of the problem :

Hazard Frequency x Hazard Exposure x Damage Tolerance Rating

+
Range of Ran ge of Range of Range of

Uncer ta in ty Uncer t a in ty  Uncer ta in ty Unce rtainty
(High) (High) (Hi gh) (High)3 

V

The uncertainty associated with individual ratings , when comb ined , can pro-
duce results that are in error by two orders of magnitude .
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It was concluded that the quantitative approach not only did not produce
objective results but that the use of numerical measures implied a degree
of precision not inherent to the analysis. The R&M analysis technique was
accordingly modified. While addressing all of the same environmental fac-
tors and design variables as before, the revised technique described in the
following pages requires only that the analyst make a series of simple qual-
itative observations and judgments in his assessment of a design , differ-
entiating between design options in terms such as higher than , l ower than
or equal to. It is fel t that the modified technique is both simpler to use
than the orig inal one and is less likely to produce erroneous or suspect
results .

R&M ASSESSMENT TECHN IQ UE

A useful and practical R&M assessment technique finally evolved. The tech-
ni que is outlined in Figure 68.

The first step in the ana lysis assesses the potential for damage to the
structure in service . Damace potential is a functi on of the environmental
hazards to which the aircraft is exposed and to the level of exposure of a
specific airframe structure to these hazards. The hazards to which an air-
craft is exposed are related to its mission and operating environment. The
level of exposure of a particular structure is related to its location on
the aircraft and the degree of protection it receives from various hazards .
These factors are systemati cally evaluated to arrive at an estimate of dam-
age potent i al .

The next step in the analysis assesses the damage tolerance of the struc-
ture . A structure ’s tolerance to damage of various types is related to the
properties of the materials used in its construction and to the presence or
absence of specific desi gn characteristics that tend either to worsen or
lessen the degree of damage it sustains. The damage tolerance of the struc-
ture is rated relative to nine specific damage modes .

In the next step of the analysis , the likelihood of specific types of dam-
age occurring in service is assessed. This is based on the potential for
damage of each type and the damage tolerance of the structure as determined
by the prior two steps in the analy sis. The resu lts are used to rate t he
overall structural reliability of the design. The hardware reliability of
the design is rated separately, based on the number and types of fasteners
used and such factors as vibration environment and load intensity .
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The maintainability portion of the analysis involves separate assessments
of the repairabi lity and replaceabi lity of the structure based on specific
design characteristics and maintenance-related factors. Ratings of these
tw 2 attributes are then combined with other factors to arrive at an overall
assessment of ma intainability .

In the final step of the analysis , the separate assessments of reliability
and ria intainability are brought together to yield an overall rating of ~~~~~

Specific problems and areas of concern are documented in narrative form . V

The follow ing pages describe the P&M assessment technique in detail. I~ppli-
cation of the techni que t.o four advanced structures concepts is cove red in
the next section of this report.

STRUCTURAL R E L I A B I L I T Y  ASSESSMENT V

Damage Potential Assessment

The firs t step in the R&M analysis technique assesses the structure ’s po-
tential for damage in service. This is a function of the environmenta l
hazards to which the aircraft will be exposed and the level of exposure of
a particular structure to these hazards . Worksheet ~Rl (Figure 69) is used
to conduct this analysis. Guides ~Gl an d ~G2 (F i gu res 70 , 71 and 72) are
used to assess hazard frequency and hazard exposure . All assessments are
ma de q ual ita t ivel y i n terms of h ig h , moderate or low. T he proce dure i s as
follows .

The l ist of environmental hazards in Worksheet ~Rl is reviewed and for
those hazards that apply, an estimate of the hazard ’s expected frequency
of occurrence (hich , modera te or low ) is entered in the designated column .
Guide ~Gl (Figure 70) indicates , for exam p le , that vibration would be given
a high frequency rating for all types of aircraft , wh i le the freq uenc y rat-
ing for i i V p a ct  with terrain objects would vary with the type of aircraft
anl its operating environmen t. The guide is quite neneral and can be modi-
fied or deviated from based on engineering judgment.

The next step is to assess the level of exposure of the specific structure
to each hazard . Guide ~G2 (Figures 71 and 72) indicates that if the struc-
ture being evaluated is a floor , foot traffic and dropped tool: would re-
ceive a hi gh exposure rating. These hazards would receive a low exposure
rating for a tail cone , however. The column is left blank entirely if the
structure has no exposure to a hazard (bird strikes relative to an interior
p iece of structure , for exam ple) . A g a i n , the guide is general and may be P

tempered by engineering judgment.

Hav ing completed the hazara frequency and hazard exposure colurnuns , the re-
spective ratings are translated into damacie potential estimates. Fi gu re 73
provides a guide for these estimates.
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WORKSHEET #R1
DAMAGE POTENTIAL ASSESSMENT

Hazard Hazard Damage 
—

Environmental Hazard Frequency Exposure Potential

V i b r a t i o n

Airborne Particles /F.0.D.

Foot Traffic

Dropped Tools /Parts

Dropped /Shifting —
Cargo/Stores

Door Slaming

Rough Handling

Bird Strikes

Impact wi th Terrain Obj ects

Work S tands!
Ground Vehicles

Ball istic Impacts

Corrosive Elements

A
Rate for Type Aircraft , V
Mission !~ Environment(See Guide # 01)

Rate for Type Structure ,
Location & Protection —

(See Guide 02)

Figure 69. Damage Potential Assessment Worksheet
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GUIDE #G1
GUIDE TO ASSESSING HAZARD FREQUENCY

________ 
Aircraft Type 

_______

Frequency Observa-
Eniironnienta l Hazard Rating Utility Attack tion Cargo Environment

Vibration High X X X X A ll

Airborne Particles! Nader. X X X X Non-Combat
F.O.D. Moder. X X Combat

Hi gh X X Combat

Foot Traffic High X X X X All

Dropped Tools/Parts Moder. X X X i X 
V All

Dropped/Shifting Low X X 
V

Cargo Moder. X All
________________________ 

High X

Door Slammi ng Moder. X X X X All

Rough Handlin g 
V 

Low X X X X A ’l

Bird Strikes Low X X X X All

Impact wi th Low X X X X Non-CombatTerrain Objects Moder. X X Combat
High X X Combat 

—

Work Stands ! Low X X X X All
Ground Vehicles

E a l l i st ic Impact~ Zero X X X X Non-Combat
Moder. X X Combat

H i g h  X X Combat

Corrosives Low X X X X Desert
Moder. X X X X Average
High X X X X Salt Water

Figure 70. Gui de to Assessing Hazard Frequency
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GUIDE ~G2
GUIDE TO ASSESSING HAZARD EXPOSURE (1 ~F 2)

~ az a r~ Structure /Comoonen t 

— 

LN c~ t~on/Or~~ri tatio n 
~XpO sure

Ii t r a t i o n  Mec han i cal l 1 F~ s te re ~ E~’penr V a~ e He~vy
Fair irgs

~1a in PO tC V r ~j~~cr Mode ra te

Fuselage Joints & Splices Tail lect on

~id-Fuse lage Transmiss ion Supports~ Moderate

~‘rborne Cockpi~ Canopy Frontal ~rea 
Moderate

Pa rti cles !
Encine/Tr ar sni ssi~~ Fronta~ Area ~oderate
Nacel les

Vertica l Pylon Leading Edge Modera te

Horizontal Stabilizer Leading Edge Moderate

‘ai l Cone Horizo ntal Surfaces in High TModerate
Veloc ity own~ash

Lower Fuselage Horizo ntal Surfaces in High Heavy
Veloc it y Updraft 

V

°cot Traffic Floors Heavy

Engine Decks/Service Heavy
Dec ks

V
~~Or k PlaYcni~s Heavy

PocV f Structure Moderate

Fairing /No-Step Structure Horizontal Surfaces Near Wa lkways Moderate

Fuselage Sk in Pa nels V ,V ertica l Surfaces in Area o~ Heavy

V 
Fuse l age Stens V

T~opoed Tools Floors Moderate
and ‘ a rts

Engine Decks /Service Heavy

I 
Decks

V
~ O rk  Pla tf c~~ s He~ vv

V Roo f 1:ruct~~~~ U nder Ro tor Hea d Mc c e ra t e

Fairing and Cow lir~ç Under rotor Head Moderate

Equi :rent Bay Shelves ~
4cierate

Pylo ns , Pods Lower fu :el ,~ne under rotors and Moderate
work p la tf r r r  ; hc rl zortal

Figure 71. Guide to Assessing Hazard Exposure (1 of 2)
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GU IDE #G2
GUIDE TO ASSESSIN G HAZARD EXPOSURE (2 OF 2)

r H a za rd s t r u ct u r e

_

VV 1 r !
~

V
~~
o j I

~

I

Tocat i on /Or ic r V t i t i ; r  L e v e l c 1 V

Dropped! Cargo Floors and Door Heavy
Shifting Sills
C v r qn / t~ re : I

C argo Fon t r t r :ent  u~~~~h1V ,ois Heavy

Cargo FV Y L r s  ( ~~~ n or)  Heavy

HV~~rVo Bay Floors and ~V~~ l lS_ V -~~~~~~~~~~

Door Slaming I Crew Doors r~ vy V

t d rg (V  Door Heavy

Engine Access Doors Moderate

Equ rent Bay D c c c :  Moderate

Rough Handlin g Removable Fairing, Cow li nq Esoecia lly in awkward areas on V P d V Y

Drop ped Covers upper fuselage

- — -

Bird StriL c Cockpit Canopy Frontal area I V V c c v ~

Encjine/Transmi~si on 
V Frontal area Modera tr

Tai l  Pylon Lead ing  Edge Hoderate

Horizont al Stabilator Leading [d ~ c Moderate

Inpact with N y in Fuselage I Irders i de hea~~Terr a i n  F L j e c t ~
Tail Cone r iders ide ea sy

Hori zontal Stabilizer Moderat e

—
~~~~~~~~~~ Pods and Pylons 

~V V V V ~~ ~~~~~
Impact with ~~~ Max inue orojection o~ curved H r d e t  et c
/ork ~tan cs & V s u r fa se s
Ground Vehic les Horizontal Stat il izer Heavy

Sponsons , Pods and Pylons 1rotru d~flg from aircraft 
V

Ballistic Forward Fuselage ~~~Lower
Impact

Forward Fuselage Iper 
V ~~~ N te

Center Fuselage Lower Heavy

Center Fuselage Upper Moderate

Pear Fuselage Lower

Pear Fus~tlage ~Ipper 
______ 

Light

Co rros i ve ~Fuselage Tub Areas Areas of moisture Heavy
Elements entrapment

Interior Co npa r t rn e r t c  Moderate

j~~ V~~
nion rf Pods &P ylons Moderate

Figure 72. Guide to Assessing Hazard Exposure (2 of 2)
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Hazard Frequency

High Moderate Low

High High Moder.

‘U
5- 

_ _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _ _ _

‘I,
V 0

cL 5-

i~~ 
-
~~ High Moder. Low
0

5- —

~~ .~~ Moder. Low

Damage Potential

Figure 73. Guide to Assessing Damage Potential

A high hazard frequency rating coupled with a moderate hazard exposure rat-
ing results in a high damage potential estimate , for example , while a low
hazard frequency rating coupled with a moderate hazard exposure rating re-
sults in a low damage potential estimate. Wi th the completion of this as-
sessment , the poten tial sources of structural damage have been identified
and ranked.

Damage Tolerance Assessment

The next step in the R&M analysis procedure is to assess the damage toler-
ance of the structure . Worksheet ~R2 (Figure 74) is used to conduct this
analysis. Across the top of the worksheet is a row of bl ocks into which
are entered e s t ima te s  of the to le rance  of the s t ruc ture to specif ic modes
of damage based on the materials used in its construction. Guide ~G3
(Figure 75) is a guide for making these estimates . The method used to de-
rive damage tolerance ratings from characteristic mechanical properties of
the materials is described in the section of this report entitled “Relia-
bility Factors in Composite Structures Design. ”

In the case of sandwich structure , it is necessary to consider the damage
tolerance of both skin and core materials. With respe ct to denting , for
example . the composites show a high damage tolerance. When used as the
skin ma teria l for a sandwich panel employing an aluminum honeycomb core ,
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/

GU I D E  #G3

V 
GUIDE TO ASSESSING DAM AGE TOLERANCE

Compos ites and Aluminum core Materials

Fiber- Honeycomb St ructr i
Type of Damage Keviar Graphite glass Boron Aluminum Alum. Nomex Foam

Abra sion Low Moder. Moder. High High * * *

Denting High High High High Low Low Moder. High

Puncture Low Low Low Moder. Moder. * * *

Delamination Low Low Low Moder. * * * *

Cracking Moder. Low High High High High Low Low

Fastener Damage Low Moder. Low High Moder. * * *

Crushing Low Moder. Low High High Moder. Moder. Moder.

Buckling Low Moder. Low High Moder . * * *

Corrosion * * * * Low Low * *

*Mode not applicable.

Note: Tolerance rating may be affected by material thickness and ply orientation .

Figure 75. Guide to Assessing Damage Tolerance
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the honeycomb ’ s low tolerance to denting woul d prevail , however. Subjected
to impact , the bond between the skin and core will normally prevent the skin
from returning to its original shape as it does in monolithic form , leav i ng
a dent in the panel . For sandwich construction it is also necessary to con-
sider the possibility of internal damage not evident at the surface.

Design is the second factor that will affect the damage tolerance of a
V structure in servi ce. In the section of this report entitled “Reliability

Factors in Composite Structures Design ” the significant design attributes
affectin g reliability and the nature of their effects were described.

The left-most column of Worksheet #R2 lists the desi gn attributes having a
potential infl uence on the damage tolerance of a structure . Design factors
may be viewed as having either positive or negative effects in this respect.
Monol i thic construction , for example , has a positive influence with respect
to the potential for denting , puncture and delam ination. The approach taken
is to ide~tify the posit ive infl uence s of various design attributes relative
to damage tolerance and to asses s the degree to which these at tributes w i ll
enhance the damage tolerance inherent in the materials .

Worksheet ~R2 presents a matrix of design at tri butes and dama ge modes . A
V plus sign at the intersection of a row and column indicates that the design

attribute has a potentially miti gating influence on the damage mode. Shade d
blocks indicate no infl uence or negl igible influence wi th respect to that
type of damage.

r The procedure is to read down the list of reliability desi gn factors and
to check those that are predominant in the design. If the structure is
made up entirely or primarily of flat panels , this factor would be checked .
If the structure is comprised mostly of curved panels , “flat panels ” would
not be checked.

The final step in the analysis of damage tolerance is to weigh design at-
tributes and material properties to arrive at an overall damage tolerance
rating for each damage mode. Again , judgment is important. Assume for
example that the structure receives a low tolerance ratin g for abrasion
damage and that accessibility to inspection is checked as a predominant
design attribute . The decision to be made is whether the ability to in-

V spect for and detect abrasion in its early stages will eff~ct~vel y prevent
abrasion from becoming a serious type of damage. If this is the judgment ,
the damage tolerance rating for abrasion would probably be elevated from a
low rating based on material factors alone to a moderate or high rating
based on the accessibil ity desi gn factor. Similar reasoning is required
for the assessment of damage tolerance relative to the other damage modes.
When the row of blocks across the bottom of the worksheet has been completed ,
an assessment of the structure ’ s tolerance to each type of damage will have
been made .
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Damage Mode Assessment

The next steo in the R&M analysis is to estimate the relative probability
of occurrence of the various damage modes. This is a function of damage
potential and damage tolerance as developed in the first two steps of the
analysis. Worksheet àR3 (Figure 76) is used to develop these estimates.

Damage tolerance ratings from Worksheet ~R2 are transferred to the row ofblocks across the top of the worksheet and damage potential ratings from
Worksheet ~Rl to the column of blocks to the left of the worksheet. Damage
mode probability of occurrence is a coupling of these two factors ; Figure 77
provides a guide.

As indicated by the guide , a high potential for damage coupled with a low
tolerance for damage yields a high probability of damage. A low potential
for damage coupled with a high tolerance for damage , on the other hand ,
indicates a small or negligible probability of damage.

The damage mode assessment documented in Worksheet oR3 is a key part of the
analys is. It is essentially a checklist for reliability which , in addit ion
to providing a comparative rating of designs , wil l  hi ghligh t spec i f ic areas
of conce rn. These are recorded in narrative form at the conclusion of the
analys is, alon g with R&M concerns surfaced by other areas of the assessment,
an d serve as a basis for design improvement recoriiiiendations. When evaluat-
ing competing desi gns the best perspective will be maintained if specific
design parameters are ~valuated individually for all candidates. In this
manner , judgments as to qood or bad are tempered by tF e relat ive merits of
the available design options.

HAPDWAR [ R E L ~.~~i I L I T Y  1~~[~Y M[NT

The re l i ab i l i t y  ~i sessriient to th is point has considered only the structure
i t~~lf. The other ispect of reliability to be assessed is that of the
associated hardware , i.e., mechanical fasteners and such items as hinges
and l a t ches .  The re liab i l i t V of the  hardwa re is assessed separately, since
i t is lar~ t l y independent of whether the structure is made of metals or com-
posites , depending only on the methods of assembly and installation.

In an earlier section of this report covering service experience with hel i-
copter airframes it was shown that failure of fasteners and other comon
hardwa re accounts for a large part of the unschedu led maintenance with
present-day metal structures. This is an area where composites , owing to
their monolithic form of cons tr urti nn , have the potential for significantly
reducing maintenance .

The frequency of hardwa re failures is related primarily to the numbers and
types of fasteners and other i tems of hardware used in the design. The
vi bration environment and the load intensity may also be factors . Heavy
v ibration will tend to increase the frequency of hardware—related failures ,
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Damage Mode Assessment

Figure 77. Guide to Assessing Damage Modes

and lightly loaded , lightly constructed components will be most affected
by vibration . Guide #G4 (Figure 78) is an aid to rating hardware reli-
ability . As indicated , a heavy structure having few permanent-type fas-
teners and located in a low vibrat ion environment would receive a very good
rating, whereas a light structure having many removable-type fasteners and
located in a hi gh vibration envi ronment would receive a very poor rating.

MAiNTAINABILITY ASSESSMENT

Repairability Assessment

The maintainability of an airframe structure , especially that of relatively
permanent prima ry structure , is largely determined by its repairability .
Simple economical repair reflects good maintainability while complex costly
repair reflects poor maintainability. Repairability is affected by the
types of repair the structure will require in service and the ease with
which they can be made. Worksheet #Ml (Figure 79) is used to assess these V
factors .

Three types of repair are defined : a standa rd field repair , a complex re-
pair and a custom-engineered repair. A checklist of factors is used to as-
sess which of three types of repair a structure will likely require or, in
some cases , to establish that no repair is possible. The procedure is to
read down the list of factors and check those that apply to the structure
being evaluated . For complex structures, it may be necessary to evaluate
major sections of the structure i ndependently.
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GUIDE I! G~
GUIDE TO AS SESSING HARDWARE RELIABILITY

Type Vibration Load V
Fasteners Quantity Environment Intensity Rating

None
_______________ 

__________— Very V

H i g h Good
Low

Low

Few High 
--_________

I-Ugh
Permanent Low Good

(R i vets ,
Lackbolts ) High 

___________Low
Low

Ma ny High
High

Low Fair

High

Low
Low

Few
Removable 

High

(Screws, High 
Low Poor

Bol ts ,
B l i n d  

High

Fasteners ) Low 
Low

Many V
g Poor

High
Low

Fi gure 78. Guide to Assessing Hardware Reliability
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WORKSHEET #M1 IStructure :
REPAIRABILITY ASSESSMENT I_____________ _____ 

_________________
T ypes of -ep a i r

Standard Comp lex ~~~Facto r
Repai r

Field Repair Repair Engineere d ‘c. 

V
_ _ _ _ _ _ _  _ _ _ _  V V

~~E ~~~
-—

~j~t-~~~~
Load Intensity L1 ;ht to Moderate

tV  ~V - V~~~ ~y V

~oderate to Heavy

_________________ ___________ __________ - f Comp l e x
Flat /S inq le Single/Doub le i ~rv ; e 1Shape/Contour Curva ture Curvature i C~rt ou r/ I V

Bui ldu p V

I c , ~ — — —

Interface Constraint Few Some Many
C)

____________________ —— 
L_ Int egr a l~~~[.—. 

V

Mo r l c J l j t h i C Stf ffenedSkin/Web Forn
V Sandwich Sheet

LStiffener/
Frame Fo rm Open Section Closed Section

Stock! L Spec i a~~” ~~~ a1 ii
Repa ir Materials I Bul k Items Kits Storage/ V

Handling
~1) 

_____I _ _ _ _  _ _ _ _

‘0 L 
~~~~~olled~~~ 

Clean L
a’ Env ironmental Field

~ Requirements Environment Environment Room V
Conditions V

U
_ _  _ _  _ _  _ _  

V

Standard Special Factory TV / PCC Tools and Equipment Field Type Field Type

Personne l Skills Low fntermediate High
Skill Level Skill Level Skill Level V

A ircraft Intermedi ate Transmi ss ion
Typical Component Skin/ Fa irin g Frame Longe,on J~~~Qrt 1Beam

Th is Structure 

{

~~andard - 
Complex Custom ‘—I

W i l l  Re qu i r e  ....—
~~ . F i eld Repair Repair Engineered ~on-Rep airab

Pr i mar i ly Repair

Figure 79. Repairability Assessment Worksheet
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When the checklist has been completed it is rev iewed and a determination is
made of the type of repair that wi l l  be most prevalent. A majority of
checks in boxes to the left of the matrix are compatible with standard
f ield repair , whi le those to the center and right favor the other c lasses
of repair or no repair. A lightly loaded flat structure with few inte r-
face constra ints that can be repaired in a field environment by a oerson
of low sk ill using commonly available tools and materials lends itsel f to
standard field repair. Conversely, major damage to a complex , heav i ly
loaded primary structure such as the transmission support beam would prob-
ably be unrepairable. Other types of structures suffering other degrees
of damage w i ll have a ra ted level of ’ repairability between these extremes .

Replaceab i li ty Assessmen t

The secon d major factor contributing to the maintainability of airframe
structures is the ease with which individual items of structure can be V

re p lace d , preferably in the field . Replaceability is assessed using
Workshee t ~N12 shown in Figure 80. Factors listed to the left of the matrix
tend to indicate a simple field replacement while those to the right indi-
cate a more difficult field replacement or a depot replacement of the struc-
ture.

Overall Maintainabil ity Assessment

The overall maintainability of the structure is rated next using Worksheet
#M3 shown in Figure 81. The rating is based on six factors including the
repairability and replaceability factors assessed individually in the pre-
vious two steps. The maintainability of the structure is rated overall as
good , fair or poor.

OVERALL R&M ASSESSMENT

At this point in the analysis the expected reliability and maintainability
of the structure in service have been evaluated and rated. As the final
step in the analysis an overall quality rating of structural reliability ,
hardware reliability and maintainabili ty is made based on the results of
the individual ratings . This represents the analyst ’s overall judgment of
the design R&l~1. Figure 82 records this result. The next section of the
report descri bes the method by whi ch the overall R&M quality ratings are
translated into estimates of life—c ycle cost.

R&M Assessment Summary

The R&M analysis technique may be used in two ways: to compare the R&M
attributes of alternative structures designs , especially those of composites
versus metals , and to aid design by uncovering potential weaknesses and
problem areas. For this second purpose , as the analyst proceeds through 

V

the analysis considering various aspects of reliability and maintainability ,
he may become aware of specific design problems relative to R&M ; these
should be documented. I’Iith respect to damage tolerance , for example ,
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WORKSHEET #M2 S t r u c t u re : 
- _____________________

REPLA CEABILITY ASSESS MENT ________________________________________ I

Simple Complex
Factor Field Field L~epot No

Replacement Replacement ReplaCement Replacement

Simple L Semi- L Custom~~~~ 
Integral LMol ded/

Type of Joint Bolted Permanent Fitted! Machined
Joint Fasteners Shimmed Structure

Minor L Major L Major L
Obstruct ions Parts and Components Components !
and Inter faces Components Plumbing!

____________________ _____________ ______________ 
Wirin g

Jigs and Fixtures None F ie ld Type Factory Type

Small ! Large! L Large !
V Spares Inexpensive Inexpensive Expensive

__________  ___________  ___________

Aircraft Downtime Low ‘-~oder a te  Extensive

Transmiss ionFairin g ! Tail Cone Rear Fuselage Support Beafl I
Typical  Component Door

Simple L_ Complex 111
Non -

Replacement Replacement RePlacemenHStructure is —~’ Field Field Depot
Repi aceab le

Figure 80. Replaceability Assessment Worksheet
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WORKSHEET ~ 3
MAINTA INAB ILITY ASSESSMENT

Struc ture :

Factor Good FaT r Poor

— 
V 

L~A cc~s Fib i l i ty  Both Sides One Side

V
_ _ _ _  _ _  _ __ _ _

Ins~ect~bi1 ity /isua l ~o~table NOT Shop NOT

~~~~~~~~~~ ra~~i ii t~i StandardL Com p lexL Cu Sto~~ 
L

V 
I (.‘~or . ~~~~~ ~Ml ) Field Repair Engineered
V Repair Repair______________________ 

____________ — _____________ _____________

Level of ~V e o d i r  IJfl Aircr a c t Field Shop Depot

Rep l a c eab i l i ty 
I F i e~d 

L 
~~:~~

cu 1 t L 
Depot

(~ or~ :r e~ t ~ Replacement Replacement Replacement

Expendabil i ty Low Cost Modera te  Cost High Cost

________________________________________________ _____________________________ _____________________________ _____________________________-j

Ov erall L L.Maintainability Good Fair Poor
Rat ing —

~~~~~

Figure 81. Mai ntain ab ili~ j Asses~~ ent  Worksheet
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Structural Hardware Mdintain-
PVating Reliabilit y Relia bility ability

Very
Good

Good

Fa i r

Poor

V Very
Poor

Figure 82. Overall R&M Quality Rating

the  poores ’ rating al lowed by the assessment technique is low , but the
anal yst may conc lu de from h i s evaluation of the design that the dara ne
tolerance is so low as to be unacceptable. The specific concern should be
documen ted für resolution with the designer. Worksheet oP~-1l (Fiqure 83)
s hows f te  forrrat used to record major areas of conce rn .
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LIFE-CYCLE COST ASSESSMENT

Cost of Maintenance for Current-Inventory Ai rframe Structures

In the section of this report covering service experience with airframe
structures , it was shown that the UH—l and CH-47 helicopters share remark-
abl y similar experience with respect to the frequency of airframe struc-
tures maintenance and its con tribution to total aircraft maintenance. This
similari ty extends also to the cost of airframe maintenance. Table 46 was
developed from Army data published in References 18 , 19 and 20. Different
maintenance cost figures were quoted for the UH-l in References 18 and 20;
the higher value quoted in Reference 18 was used . Costs were adjusted to
1978 price l evels using a 36-percent DoD cost escalation rate.

TABLE 46. AIRF RAME MAINTENANCE COST FACTORS FOR
CURRENT-INVENTORY HELICOPTERS

UH-l CH-47

Total Aircraft Maintenance Cost Per 355 1 ,360
Flight-Hour (Dollars )

Airframe Maintenance Cost Per 18 64
Flight-Hour (Dollars)

V 

Airframe Percent of Total 5.0 4.7
Maintenance Cost

Approximate Airframe Weight l ,200 4,500
(Pounds )

Airframe Maintenance Cost .015 .014
(Doll ars / Pound/Fl i ght-Hour)

18 Re dd ick , H. K., ARMY HELICOPTER COST DRIVERS , Report No. USAAMRDL -TM-7 ,
U. S. Army Air Mobility Research and Development Laboratory , Fort Eusti s ,
Va. ,  Aug ust 1975 , AD AOl 5517.

19 EXECUTIVE SUMMARY REPORT , CH-47A ASSESSMENT AND COMPARATIVE FLEET EVAL-
UATIONS , FINAL REPORT , USAAVSCOM Technical Report No. 74-46, U. S. Army
Av iation Systems Command , St . Louis , Mo ., Novem ber 1974 .

20 EXECUTIVE SUMMARY REPORT , UH- 1H ASSESSMEMT AND COMPARATIVE FLEET EVAL .~UAT IONS , USAAVSCOM Technical Report No. 75-3, U. S. Army Aviati on Systems
Comman d , St . Louis , Mo ., April 197 5.
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These statistics indicate that 1.5 cents per pound per flight-hour can be
used as a rough rule of thumb for the overall cost of airframe maintenance
for current-inventory Army helicopters . This cost wi l l  vary widely for
individual i tems of structure , of cour~2, with light fragfle structures
being more costly per pound than average to maintain and heavy ruqged Struc-
tures less costly than average.

While the airframe system generates upward of one-third of the unscheduled
maintenance events on the helicopter , the average cost of these maintenance
events is qui te low compared with other systems of the aircraft , as Fi gure
84 illustrates .

/~~~~~~~ HE~~~~\ /~~~~~~~ThER -~

,/ SUBSYSTEMS ( SUBSYSTEMS

AIRFRAM E
V AIRFRAME ~~~-.J 5%

30%

UNSCHEDULED MAINTENANCE COST
MAINTENANCE EVENTS

Fi gu re 84. Frequency Versus Cost of Ai rframe Maintenance

Table 47 gives a representative breakdown of airframe maintenance costs for
a present-day utility class helicopter. The table was derived from histor-
ical data and engineerin g judgment as follows : The unscheduled maintenance
events per flight-hour and the distribution of these events among primary
structure , secondary structure and hardware are approximate values for the
UH-l obtained from Reference 4. The total airframe mainten ance cost of Sl8
per flight -hour , also an approximate value for the UH-l , was obtained from
Reference 18 (adjusted to 1 978 price levels) as was the 40 percent/60 per-
cen t apportionment of that cost to prima ry structure and secondary struc-
ture respectively.
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TABLE 47. REPRESENTATIVE MAINTENANC E COST BREAKDOWN
FOR A UTILITY CLASS HELICOPT ER AIRFRAME

Maint. Average Average Average
Events ! Parts Labor Cost! Cost/

Structural Element Fit-Hr. Cost Cost Event F lt—H r .

Primary Structure

St~~cture .030 $69 $152 $221 $6.65

Hardware .020 14 14 28 .55

Total/Average .050 47 97 144 7.20

Secondary Structure

Structure .1~O 50 26 76 8.30

Hardware .090 14 14 28 2.50

Total/Average .200 33 21 54 10.80

Total Ai rframe .250 $36 $36 $72 $18.00

The balance of the table was constructed as follows : Army published sta-
tistics contained in References 19 , 20 and 21 indicate that the division of
aircraft maintenance cost between parts and labor is approximately equal:

Percent of Maintenance Cost

OH-53A UH-lH CH-47A

Total Ai rframe Parts 54.8 47.0 58.0

Total Ai rframe Labor 45.2 53.0 42.0

The total $18 per flight-hour airframe maintenance cost was thus equally
divided among parts and labor. The same three Army reports for these three
aircraft give a breakdown of the major contributors to airframe maintenance

21 EXECUTIVE SUMMARY REPORT , OH-58A FLEET ASSESSMENT , USAAVSCOM Technical
Report No. 75-34. U. S. Army Aviation Systems Command , St. Louis , Mo. ,
~eptember 1975.
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cost, the majority of which in each case are items of secondary structure .
This data indicates that parts replacement represents approximately two-
thirds of secondary structures maintenance cost.

Percent of Maintenance Cost

OH-SEA UH-lH CH-47A

Secondary Structures Parts 68.7 60.7 76.6

Secondary Structures Labor 31.3 39.3 23.4

Wi th all of the above data, it was necessary only to deri ve relationships
for the cost of maintenance related to primary structure , secondary struc-
ture and airframe hardware that would preserve the approximate cost ratios
developed from the historical data. The deri ved va l ues for the cost of
ma intaining primary structure indicate that labor rather than replacement
parts is the predominant cost element. This seems reasonable in view of
the fact that little primary structure is replaceable in the field. The
cost of parts and labor was assumed to be equal for maintenance related to
airframe hardware . While apportionments other than the one shown in Table
47 could be derived , individual values could not differ significantly and
still fit the historical experience. In Figure 85 the data from Tabl e 47
is shown i n terms of percentage contributions to total airframe maintenance
cost.

Cost Analysis Method

Advanced composite structures for helicopters will be replacing structures
of conventional metal design. The cost of maintaining the composite struc-
ture versus that of maintaining the metal structure will be largely a func-
tion of their relative R&M characteristics. The R&M assessment technique
described in the preceding section allows the R&M characteristics of both
types of structures to be evaluated and compared. The assessment is made
in terms of the three attri butes :

Structural  Rel i ab i l i t y

Hardware Reliability

Maintainability

Each of these attributes is rated qualitatively using one of five ratings:

Very Good

Good

Fa I r

Poor

Very Poor
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PRIMARY LABOR
STRUCTURE 50%

40%

SECONDARY PARTS
50%

60%
STRUCTURE

F

PARTSPARTS
29% 12%

LABOR
2% PARTS

50%

LABOR LABOR
63% 27’Y.

“I

Figure 85. Division of Ai rframe Maintenance Costs
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The potential that a composite structure has for reducing or increasing
maintenance cost is a function of its R&M relative to the structure for
which it is a replacement or an alternate . If the R&M characteristics of
a composite desi gn are rated as very good but the R&M characteristics ~f
an alterna te metal design (the baseline) are also rated as very good , the
composite can be expected to have low but not significantly different main-
tenance costs compared with the baseline. On the other hand , if the R&M
characteristics of a composite design are rated as very good , and the R&M
characteristics of the baseline are rated as very poor , the composite desien
can be expected to have significantly l ower maintenance costs than the base-
line. Figure 86 is a guide for translating R&M attribute ratings for two
desi gns into comparative ratings for maintenance cost analysis.

To assess the impact of R&M on the maintenance cost of composite structure ,
it is necessary to compare its R&M to that of a baseline metal structure
for which maintenance costs are known or can be estimated. (Two composite
designs can be compared by assessing their maintenance costs against a com-

V mon baseline.) It was shown earlier that airframe structures maintenance
costs are comprised of labor costs and parts (or replacement) costs. The
cost of materials used for airframe structures repair (raw stock , bulk
i tems, etc.) was neglected , since it is typically small compared with the
cost of labor. It was shown also that the division of cost between parts
and labor varies with the basic types of airframe construction :

Primar y Structure

Secondary Structure

Hardware

The three R&M attributes--structura l reliability , hardware reliability and
maintainability --have individual effects on the cost of maintenance parts
and labor , and these effects vary ~n degree depending on the type of struc-
ture. Maintenance cost is also affected by the cost of manufacture , since
the cost of parts is essentially the cost of replacing original structure
or hardware . Tables 48 and 49 list the effects of the R&M attributes and
replacement cost on the cost ~f maintenance and indicate in each case the
percent contribution of parts and labor to the total cost , based on the
representative metal baseline ai rframe defined earlier in Figure 85. Also
shown in these two tables are cost fraction multipliers reflecting estima-
ted changes in maintenance cost effected by improvements or degradations in
these attributes. These cost factors are based primarily on engineering
judgment and could be modified if deemed appropriate. Also , the baseline
cost fractions and cost multiplier factors given in Tables 48 and 49 are
considered appropriate only for major pieces of structure (cockpit canopy ,
tailcone , etc.). For smaller components a much greater range of variabil-
ity could be anticipated.
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R&M Attribute Rating - Alternate

Very Very
Good Good Fair Poor Poor

Poor
Very 

/ 

1 
V

w
‘I,

~~~~/ 

/
~ Poor

_ _  _ _ _  _ _  _ _ _  V _ _ _

~4~) I
4.)
w Fai r

L
~~~

.~~

-4-)

~ Good

Very
Good

Figure 86. R&M Attribute Rating Matrix
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TABLE 48. PRIMARY STRIJCTURC BASELINE CC~ST FRACTIONS AND COST FRACTION MULTIPLIERS

Cost Fraction Multiplier

Baseline Much S lightly Sl ightly M u c h
Attribute I Effect of Cost Better Better Better Sa m e Poorer Poorel Poorer

______________________ 
Attr ibute Fraction Than Than Than Than Than Than

- .50 .65 .80 1.0 L25 1 5  2.0
I-la in tenance

hardware Frequency of 
- 25 .5 .75 1.0 1.5 2.0 4.0

Mai nteo nce I _________ ________

V 
S t r u c t ures 

.63 .50 f .65 .80 1.0 1.25 1.5 2.0
1am rit am nabi l i t y

Hardware 1.0 (No Effect)
Labor Cost .04

V -— 

Structures Composite Cost -m- Basel ine Cost
Parts Cost .29

LV V

It

V 

1.0 (No Effect)

TABLE 49. SECONDARY STRUCTUR E BASELINE OST FRACTIONS AND COST FRACTION MULTIPLIERS

Coot Fraction Multipli er 
_______

V Baseline Mv ch Slightl y - Sl ightly Much
Attr ibute Eff ect of Attribute Cost Bette r Better Better Poorer Poorer Poorer

______________________ _________________ 
Fraction Than Than t Than Same Than Than Than

V 
Structural Frequency of - 50 65 80 1 25 1 5 2 0Rel iabi l ity  Structural - - - 1.0 - -

Maintenance

H
Hardware Fr equency of

Reliab i l i ty Hardware — 25 .5 .75 1.0 1.5 2.0 4.0
Maintenance 

V 

~~~~~~~~~~~~~~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~

Structures .27 CS I .80 .90 1.0 1.1 1.25 1.50
Maintainabi l i ty 0 

_ VV VV__ _ JV _..__  _~.__

Hardware .12 f 1.0 (so Effect )
Labor Cost I __________

V Structures .so
f Composite Cost -m-- Baseline CostA cqu m s i t lon Parts Cost

C o s t  ~~~ V _~_ _~_~~ V~~~l~
_ _ V

~~
_ V V

~ 
__~~_~ _ ________________

Hardware V .12 1.0 (No Effect )
Parts Cos t
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Structura l Reliability Cost Effect

For the reliability of primary structure , a range of .5 to 2.0 was chosen
to represent the cost delta between a composite design that has much better
R&M than a metal $tructure and one that has much poorer R&M than a metal
structure . The reasoning here is that a good composite structure might
reduce by one half the number of damage events that would be sustained by
a metal design , but a reliability improvement greater than this would prob-
ably be beyond the state of the art or woul d involve unacceptable weight
and cost penalties . Following the same reasoning , a poor composite desi gn
might double the number of damage events sustained by a metal structure ,
but a reliability degradation greater than this would be evident during
qualification and would prevent the structure from being introduced to
service or would require desi gn improvement by the manufacturer.

Hardware Reliability Cost Effect

A much larger delta change effect (.25 to 4.0) was estimated for hardware
reliability because bonded composite structures have the potentiel for
drastically reducing (in some cases totally eliminating) hardware-related
ma intenance.

Maintainability Cost Effect

The effect of maintainability attributes on labor costs associated with
ai rframe hardware maintenance is considered negligible because the intro-
duction of composites will have no predictable effect on the installation
or replacement of common hardware (fasteners, hinges , latches , etc.). Main-
tainability attributes may have a pronounced effect on the labor costs
associated with the maintenance of the structures themselves , with primary
structure estimated to be more affected by maintainability characteristics
than secondary structure .

Many i tems of secondary structure (fairings , cowlings , etc.) on present—day V

helicopters are already constructed from compos i tes. Repair techniques for
these structures , both metals and composites , are well established and con-
sist for the most part of simple patches. Additional i tems of secondary
structure will be candi dates for composites in the future , but there is no
reason to believe that the repair of these structures will differ signi-
ficantly from that of structures currently in service. New techniques and
materials might be developed to improve the repair of all structures of
this type, but there is no reason to expect that one structure can be made
much more or much less repairable than another. This is probably true of
replacement maintenance as well. it is doubtful that individual i tems of
secondary structure , which are typically easy to replace anyway , can be
made much more or much less replaceable than other items of the same type.
Therefore, the infl uence of maintainability attributes on the cost of main-
taining secondary structure is considered minimal , and a small delta change
effect (.65 to 1.5) was assigned.
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Maintainability has potentially a very large effect on the cost of main-
taining prima ry structure , however . Few composite structures of this type
have been placed in service , and repair techniques for them are just now
beginning to be developed. Depending on the repair methods that are devel-
oped , maintenance costs for primary structure could vary substantially from
maintenance costs for equ ivalent meta l structure . The labor cost for re-
placement of primary structure could also be greatly affected by maintain-
a b i l i t y  a t t r ib utes , composites possibly bein g much easier or much more dif-
ficult to replace than metals , depending on the desi gn. A large delta
change effect (.5 to 2.0) was therefore selected to represent the influence
of maintainability on maintenance labor costs for primary structure.

Li fe-Cycle Cost Estimating Procedure

A maintenance cost prediction for a composite structure is obtained from
the R&M assessment of the design , the projected maintenance cost effects V

of the R&M attributes , and known or estimated maintenance costs for a base-
line metal structure of the same type. The procedure is as follows .

The R&M assessment technique is used to assess the R&M characteristics of
the metal baseline and the proposed composite design. Qualitative ratings
of the three R&M attributes are obtained and converted to an R&M quality
comparison using the R&M attributes rating matrix (Figure 86) as illustra-
te d below :

Baseline Composite Quality
R&M Attri bute Rating Rating Comparison

Hardware
Rel iability Poor Very Good Much Bet ter Than

St ruc tura l
Re l iab i l i ty Good Fa i r  Sli ght ly  Poorer Than

Ma i n t a i n a b i l i t y Fair  Very Good Better Than

Using Table 48 for primary structure and Table 49 for secon dary st ructure ,
the baseline percentage breakdown for parts and labor costs is obtained ,
a long with the cost fraction multipliers corresponding to the R&M quality
comparison rating. The difference in acquisition cost of the proposed
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composite design ve rsus the meta l baseline is also calc ilated. i~n i llus-
tration is shown below :

Baseline (os~
r~~V 1tt F lh U t ( ua l i t j  I ~pa rison ~itr 1but e Effe~~ Fraction u lt er

Structural Slightly Poorer Frequency of
Reliability Than St ruc tu r a l  ~m i r . 1.25

Hardware Much Better Freq~ency (~~
Rel iability Than Hardwa re ~ int.

Ma intain- Better Than structures
ability Labor Cost .C~ V E

Har dwa re
Labor - Cost .04 1.0

Acquisition Structures
Cost Parts Cost .29 .7

Har dware
Pa rts Cost .04 1.0

These factors are used to calLul ate a predicted delta change in nairtenance
cost for the compesite versus the baseline :

MC. SP~ x (S P C
1 

X SPC + SLC~X SLC )

+ HR
~ X (HPC + HLC)

Where :

MC. Predicted Change in Maintenance Cost*

SR~ Pre di cted Chan ge in S t ruc tu ral R e l i a bi l i ty*

SPC A Pred icted Change in Structures Parts Cost~

SPC Structures Parts Cost Fraction of Total
Baseline Maintenance Cost

SLC~ Pre di cted Change in Structures La bor Cost
(Main tainabil ity Effect)

SLC Structures Labor Cost Fraction of Tota l
Base l in e ai n tenance Cost V

HP 1-, Predicted Change in Hardware Reliability

*Expressed as a cost multiplier.
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HPC Hardware Parts Cost Fraction of Total
Baseline Maintenance Cost

HLC Hardware Labor Cost Fraction of Total
Baseline Maintenance Cost

Using the il lustration carried throug h the previous d iscuss i on , i n c l u d i ng
the assumed change in acquisition cost of .7 (composite 30 percent less
expensive than baseline), the predicted change in mai utenance cost would
be calculated as follows :

MC~ SR~ x (sPC~ X SPC + SLC~X SLC)

+ HR~ X (HPC + HLC)

~ 1.25 x [(.7) (.29) + (.65) (.63)] + .25 (.04 + .04)

= .79

Base d on t h i s  examp l , the composite structure is projected to have 21 per-
cent l ower maintenance costs than the equivalent metal baseline.

The predicted change in total life-cycle cost is a function of the predic-
ted change in maintenance cost and the estimated change in acquisition cost:

LC
~~ 

(MC . - 1) X MCBASE X Service Life + (ACQA
_ l ) X ACQ BASE

V 

Where :

LCC~~ = Predicted Change in Life Cycle Cost ( $ )

MC BA SE Ma in~~nance Cost of Baseline ($/Flight-Hour)

Service Life Expected Service Life of Ai rcraft or Structure
(Fl ight—Hours)

ACO1~ Estimated Change in Acquisiti on Cost
(Candidate/Baseline)

ACQBASE = Acquisition Cost of Baseline ( $ )

Assuming a baseline acquisit ion cost of $30 ,000 , a baseline maintenance
cost of $1.00 per flight-hour and an expected aircraft service life of
8,000 flight-hours , the e~’~mple beinq followed would yield the fol l owing
l i fe-cycle cost delta :

LCC~ (.79 - 1) x 1.00 x 8,000 + (.7 - 1) x 30,000

- $1 ,680 - $9 ,000

- $10,680 per aircraft
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In this example the composite structures design saves an estimated $10,680
over the life of the aircraft compared with the equivalent metal baseline
design. Approximately 15 percent of the saving occurs in maintenance cost
and 85 percent in acquisition cost.

Application of the Method

Use of the R&M assessment technique and life—cycle cost estimating method
described herein requires a definit ion of the advanced composites design
(ei ther conceptual or actual), including an estimate of i ts cost of acquisi-
t ion , and the definition of an equivalent structure of conventional metal
desi gn (the baseline), including its acquisition cost and cost of mainte-
nance . Al ternate composites designs are compared by assessing each wi th
res pect to a common me tal basel ine .

It ~s assumed that the acquisition costs of the composites design and metal
baseline will be known or can be estimated. The cost of maintenance for
the metal baseline may not be known , however. In the absence of such data ,
Ta b le 50 may be used to obtain representative per flight-hour maintenance
costs for generic i tems of metal airframe structure for a utilit y class
he l i co p ter .

TABLE 50. REPRESENTATIVE PER FLIGHT-HOUR t-4 AiN TE ) I~~CE CO STS FOR 1
PRE SENT DAY UTILITY CLASS HELICOPTER AIRFRAM E STRUCTURES*

Dollars/Flight Hour

Primary Structure

Cockpit Canopy .42
Cockpit Structure .51
Upper Fuselage .55
Lower Fuselage .82
Rear Fuselage .68

- Tail Cone 1.08
Tail Pylon 2.09
Stabilizer 1.05

Total 7.20

Secondary Structure

Floors 1.50
Fairing and Cowling 3.70

V Aircraft Doors 3.64 V
Transparencies 1 .92

Total 10.80

* 10 ,000-pound weimjht class heli copter.
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The table was deri ved b1 apportioning the published Sl8 per flight-hour
cost of maintaining the UH-1 helicopter airframe on the basis of predicted
failure rates for airframe structures of the UH-60A BLACK HAWK helicopter .
It should be noted that the per fli ght- hour costs are estimates for all
items of structure of each generic type and would have to be apportioned
further to obtain an estimate of the cost for a single piece of structure
of each type. Al so, the costs are representative of utility class heli-
copters in the 10,000-pound weight class category and would have to be
adjusted upward or downward for significantly larger or significantly
smaller aircraft. The 1.5 cents per pound per flight-hour estimates for
current-day airframes discussed earlier may be used for this ourpose.

COST SEN S IT IVITY

The sensitivity of maintenance costs and life-cycle costs to changes in
each of four major cost variables (structural reliability, har dwar e rel i-
ability , maintainability and replacement cost) was investigated.

Maintenance Cost Sensitivity

Using the historical cost breakdowns for maintenance of prima ry and second-
ary airframe structures given in Tables 48 and 49 and the maintenance cost
formula given previously, the effect of each variable on maintenance cost
was expressed as a ratio of the least influential variabl e, hardware reli-
ability , as shown in Table 51. For examp le , the maintenance cost of pri-
mary structure is 3.6 times more sensitive to component replacement cost
than it is to hardware reliability .

TABLE 51. MAINTENANCE COST SENSITIVITY

Relative EffeLt on
Cost Variable Maintenance Cost*

Primary Secondary
Structure Structure

Structural Reliabil ity 11.5 3.2

Replacement Cost 3.6 2.1

Labor Cost (Maintain-
ability Effect) 7.9 1.1

Hardware Reli ability 1.0 1.0

V 

~~~~~~~~~~~ to hardware reliabi lity effect.

1 78

_
~~~~~~~

V V

~~~~

L ~~~~~~~

V ~~~ 

-T_____ 
V 
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Since it dictates the frequency at which the more significant types of dam-
age and rep a i r occur , struc tura l reliability affects both the parts and la-
bor components of cost and has the greatest influence on the cost of mainte-
nance for both prima ry and secondary structure. The effect is less for sec-

V ondary structure than it is for primary structure , because a larger part
of secondary structures maintenance is related to hardware reliability .

For secon dary structure replacement cost is the next most influential cost
var iable , w h i l e  for primary structure labor cost (a function of maintain-
abil ity) is next most influential. Secondary structures maintenance fre-
quently involves the replacement of damaged structure (fairings , panels ,

V etc.), w hereas primary structures maintenance primarily involves the more
labor-in tensive repair of the structure in place. The cost of maintaining
secondary structure can thus be reduced most readily by reducing the manu-
factured cost of the structure , while the cost of primary structures main-
tenance can be reduced more directly by improving the repairability (ease
of repair) of the structure .

V Hardware reliability has a minor influence on the maintenance costs of both
p rimary and secondary structure , although it is more of a factor with sec-

V 

ondary structure wh ich typically experiences a larger numbe r of hardware
failures. Wh ile the potential impact on cost is small , composite struc-
tures have the potential for eliminating many nuisance-type maintenance
actions by reduci ng the quantity of hardware .

Life -Cycle Cost Sensit ivity

The l ife-cycle cost of an airframe structure is made up of the initial ac-
quisit ion cost and the cost of maintenance. The manufactured cost of the
structure represents 100 percent of the initial acquisition cost and some
fraction of the cost of maintenance , depending on the number of times the
structure is replaced because of damage or failure over the lifetime of
the a i r c ra f t .

The manu factured cost of the structure as it affects the cost of replace-
ment has a significant effect on the maintenance cost of airframe struc-
tures , especially secondary structures. When initial acquisition is also
considered , manufacturing cost becomes the dominant factor in the life-
cycle cost of most airframe structures as wi l l  be shown by the life-cycle
assessment of four advanced structures in the next section of this report.
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ASSESSMENT OF ADVANCED DESIGN CONCEPTS

The R&M/cost assessment technique described in the preceding section of the
report was used to evaluate advanced composite designs for a selected group
of helicopter airframe structures. Actually, development of the assessment
technique invol ved an iterative process wherein the technique was applied
to the evaluation of one or more of these designs , modified to correct de-
ficiencies , and tested again. The four structures selected for detailed
analysis represent the complete range of structures found in helicopter
airframes and include the cockpit canopy, rear fuselage , stabilator and
transmission support structure (Figure 87). In each case two advanced com-
posite designs and a metal baseline design were evaluated and compared.

DESIGN CONCEPTS

Cockp i t Canopy

The cockpit canopy design concepts are descri bed in Table 52 and illustra-
ted in Figures 88 and 89. Cockpit canopies constructed of fiberglass have
been in service on the CH-53 helicopter since 1961. The UH—60A Black Hawk
hel i copter also has a fiberglass canopy , one that makes extensive use of
unid irectional tapes for reinforcing purposes . Selection of the cockpit
canopy provi ded the opportunity to evaluate the reliability and maintain-
ability of a lightly loaded complex structure that has a substantial amount
of actual service experience.

V 

S t a b i l a t o r

The stabilator design concepts are described in Table 53 and i l l u s t r a t ed
in Fi gures 90 and 91. The Sikorsky S-76 helicopter has an all—composite
sta b i la tor , and composite derivatives of the design have been investigated
for the UH-60.

The stabilator provided the opportunity to evaluate a moderately expensive
replaceable primary structure. Repairability is of interest since the sta-
bilator contains members that are highly loaded , such as the spar and root
fittings , as well as lightly loaded leading and trailing edge panels. The
effect of repair on stiffness and dynami c characteristics is also of concern .

Rear Fuselage

The rear fuselage design concepts are described in Table 54 and illustrated
in Figures 92 and 93. A lightly loaded primary structure , the rear fuse-
l age is a prime candidate for redesign with composites because of the large
potential for weight and cost savings. Lower manufacturing costs will be
achieved primarily through a reduction in parts count and assembly man-hours .
The conversion to larger monoli thic pieces of structure that composites per-
mit places great importance on the ability to repair structural components
such as frames and beams in place in the field. Repair concepts developed
for a large primary structure such as the rear fuselage would be generi cally
applicable to a wide range of advanced composite structures. The modular
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Figure 89. UH-6O/~ Cockpit Canopy
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Fi gure 91. Com posite Sta bi l a tor
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Figure 90. tJH-60A Metal Stabi lator

186



E IV 
>5V C a)

V 5- >5 0 E >5
X C  0

C 0.0 5. .0
0. 4-

5- SC Q ) E  0)
V 

~~~~~~~ .0 VI

a-’ .0 U ) C  51) VI
V .

~
.. 4) /) .•_ 10
5— E ‘ C E  5.. —

B- s - - n  0 .0
0) 0 Dl.— 4- . a) 4.,
C 4-’ ‘4- B - S C  4) 4) 0.

4) U)C) a) a)

~~ a) 0) C .0 .0 C a )  > U
CC) .00 0 ~~~~~ 0.0 .- C
Ill .II C -5- 4- -.- U) B- 0
‘C N 4 ) .  4—’ Li
0) E 0 )/I .0 B- U E  .0

CC.  0 ) .-  0 )5) 0 C)~~~ C.. U)
o B- U) 4) ., C) C-) U) C SC SC

C ~~~C .0
I C-~ — C C  0 .- . 0  C E  C a)

V C 0 ) S C  C U E  0 ) C  SC E
s — C  C..C S C ’ C O 0.,— 4-’ SC

C) U U) 4— 5) C) IC U) U)

--

>5
I B - S C  4< .0 . 0 B - U )
0 0 + -’  0 U E  4 ) 0 ) 5 0
S C U” -  0. SC O 4.1 0.

V 14- 5.- 4) 4- C - )  Q) 0.CC)
.5- • >5 > D E

5 0 1  >~~~~ 4) a) >~~Q) .s- IC
— I  — 4< 0 .0  4-’ X C  C.. )~100 U ) 0  C O
U) 4’ CI >5 4) N .0 0. .0 U) VI U)
Li 0. 0 0 )0  0. CC) . — C ) a )
~~ 0) ‘,C S C W  ‘C ~~~~~~~C) .5) 0 04- 0 B- C S C ,— —S
Li C 44 .0 -s- C) 4-’ C IC 5. .0

I 0 .4 -  •5-
~~

,-
~ C.4- E 4’V B-> .0 ~~ >V C .0 E CC) 0.- 0 C C V I  a)

— ‘ 0) CC 0 0. •~~ IC.- .,- 44 U) U
L/) 4~) $.. >~ 4-’ 5. SC .~~ SC C
La) r- 0) E C”) IC U 01 U ). 0  • 0
C) U) C —~~~ CC) .0 0)5.’-’ Li

0 .0~~~ .5~ U) .0 44 .0.0 CC)
U) C. U I C E . -  0 - -  U C~~~~~4) U)
(C 5 E .. .0 ‘-4< , -O OC .  SC

0 ~~ - ‘ E ~~ QJ . .
C.) .0 U) U) .0 U) 4) 4) .0 U 0)

U) C CIs C ~ 0 C C)) B- C C . 0 . 0  C E
U) I C C~~~~~~ s-- ‘0 0 0 0 S C C C O  SC

U) ~~~ Li 5/) .,- C-) ~~ U) SC C OL i  U)
5/-

DC
< V
5/) 4/) I 4) I U) I IC Cl
DC C 4-’ ).. 0 CV C I -s- C I

>5..- 0 >~~~ - E > .0 0.0
.)~ I— ‘4- 1< CC) ‘- . 4< CC) CC) 4) r— 4)
U) ~~ 0 5. C) 0) 0 1.. 1,1 I >..0 10 +.’

CU 5C C.. 0. V I 0 , -~~ ,- 5-
U) >5 SC • 4) 0. 4- 0 a) C. IC~~~ .0 Z U) 0

4< E VI >5 ‘~~~10 U 5’. IC .
~~ EU.) 0V I . - CC 5.. )) >~ B - U  B - U ) C JX C

C. 0) ~ SC 4< .0 C) 0 U) 10 ~5-
0) 44 0) .0 C .>~ -‘~ >5 0 E >. “-S.0 U) E C
< 0. 5’..)-’ SC.— > 4< 0.0 > 4< SC a) 50 •s-) 4-)

4) V 5.~~~~~0.IC 0)0 0)0 4)0 E.0 4~4 C
1) 50 )~ C. ‘..> 5  ~( 0. C.-  10 .0 4)
C .— .0 CC) B - a )  0) B - 0 S C )O > .- E 5. C ~.. SC C C 5’. 4) .0 C CC) +-~~.CUI C C ) E 0 a )  04 )  ‘— 0  0 0 )  Z s - U  0 ) 0

~~ 0 C. 4.) > .0 .- 4.) 0 SC UI.- > 50 4)
0) E >5 0. 4’ ., a) 4.4.~- ~~. .-. .

~
.. 4-I C

4-’ 0-.- 4) IC 5) .0 . 4< U .0 • .0 0. 5 . 4 .’ 0
.5- C C CC) 0.4-’ Qi CC) 0.4-’ .0 U • U) SC U

V U) .0~~~~~0 C  UV ’C C .0~~~ U )I C C C I O C .0
O 4-’ E.C .- B - C )  5 ) 0  B- C.) S C 0 )O . 0  B - . 0 ’—
0. • s-. .0 Cl 0) •i- .0 Ol 0) +4 a) 10 1..

V 0) . 4) 0) ~~ a) 1) B - U ) C ) + 4  - .0(0 10O C,— C J I C a )  U) .CU .0.0 (‘1.0 .) 0 ) C C ) . —CCJ W C~~~~-/-’Li 0 0. 0) .~.. 0 0 4-’ B- 0 4-’ 0+ . ’  -. 0. .s- 4) > C (0 5-0 C C 0 0 IC~~~ .— •.- C 0. .— .~~ ..- — 4-’ 0 C
IC N Li 4- U) ~~ Li ~~ 4- .0) U) 5..— U) 4- 0

-S.. U)
5.4-’ 0)5.
0 0  0 0 )
4.5 0)
5) 0 54 4)
(00  U) /5) 0) C

.0 B - B -  >5 CC)
0) SC 0)0) ‘— EC O  U) CC) Cl .0 .0

0)5.) 0) .0 C.— 0) U
C 0) -‘~ - .- o  0) 10

(‘1.0 .
~~ 50 B - C  U) 4.1

4 ) I C  -~~ 5- IC 4 ) 14 U) 44
C) U U) La. CO CT) C. cC cC

187



CC)
C 4-~ 4-’ 4)

0. CI 0.
a) a) CC)

a) U U U
U) C C C
SC 0 C 0
0) Li Li Li

U) U) U)
IC SC IC cC

C
a) a) a) 5.0
E 0) 0) I
SC (C SC
U) U) U)

4.)
C.
CC)

-.5 U
-O 0) — — —CC) 0
0 Li 4-1 4’ 4.)
IC 0. 0. C.

s- a) a) a) CC)
U 4-~ U U U
C -.- C C C .0
O U) 0 0 0 CC)
C.) 0 Li B-) Li N
5.- 0.

E U) U) U) U)
0 0 SC IC CC)

54’ Li .0
U) a) a) CC) 4-)

0) 0) E C
La) SC IC IC >,
--‘ U) U) Cl) U)
C) 

_____________________________cC
5- .

U) CC) s— B-
4-’ ( I C

C C ) . 0 C  U)4— I C S C
C ) a ) a )  U) 4-’
B- 4-) 0) 4 ) 5 -  .—
1 0( 0 .0 U a )  a ) . 4 . ’
s - B - U  U0  I C U ) B -

4 1(0  I CC  ‘ e - a ) O
— 0 0 - ’ ’ IC CO .

4-’ Q) -’ B- -‘-— 0.
4-’ U S C  O S C  4-’r - I C
0. 4)0 .-a )  •,- U)
a) I C 0 a )  5 . 5 -  C.0
U C L I C  a ) ( C  ICC4-’ C)
C C 4-’ 10 4- C0 +4 U 1( 5.. B- IC ..-
Li .0 • a ) 0  a )U ). 04-’

05 C r— 14~ ~~~CI U)4-’a) ..- O . -  C O C  .~
4’ •.— SC 0)44 0.~.- 4 ) 4-  .0

414.1 1 0 0 .  + 1>  CC)
U) >50  CC) > 54 4 • .-s- NO .— a) 4-’ 5 .0  5- •.- B- IC
0. — V I C  O X  S C 4 — 0 >  U)
E SC . . -a )  ..- CC) a)
O 5 - U ) t / C  C. . ,— •- S-~~~ .C
Li C C ) U ) . 0  4) 0).- ..-~~~~ Q B -  44

0 010 4’.— ,- X C - 44 4-’ C
0 ) 5 - 0 C.0) a) I C S C O Q )  >,
C.) 0.— s- . -.- U < 4-’ B- B- U)

‘5.
1. 4-’
0 0
4-’ 0)
0 0  (/5
1 00  Ij)
La. 0. U0) (4
C O  U) 4- CC)
OIL) I/) 4)) 5.. U

.0 CC) a) B-
in.0 SC U 4) IC
C C J I C  0 U 0) 0
C) Vs ~ j CC — U)

188



\\~~~~~~W

Figure 92 . Metal Rear Fuselage

Figure 93. Composite Rear Fuselage
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design concept discussed in connection with riai . t aina b ili t j desic~ ac ’ors
earlier in the report appears to be a particularly att ractive option ‘~~r ~
composite rear fuselage design.

Transmiss ion Support Structure

The transm is ,ion support structure design concepts are described ir ‘
~.~ le  5~

an d illustr ated in Figures 94 and 95. The most complex and hig h ly loaded
structure in the airframe , the transmission support stc~ct~re frequently
employs bonded or co—cured construction which renders it an integra l p~~ r-t
of the fusela ge. Any significant damage , particularly ballistic ‘~amage ,
could be expected to require complex custom-engineered repairs . ~r,t ire sec-
ti ons of the s truc ture mi ght h~ve to be removed and new sections spliced in
at noncritical loca tions. Al ternatively, multiple load paths rcight have to
be pr ov i d~i to allow unrestricted flic bt even with severely ~araged rnen bers .

ANAL ’TS IS RESULTS

Summaries of the R&M assessments of the four  struc tures are p resented in
Tables 56 through 59. A detailed assessr-ent of one of the two composite
rear fuselaoe designs (Concept I) is given in Appendix C.

V Table 60 presents the results of the cost analysis. Listed for each of t~etwelve designs are the estimated wei cbt and manufacturing cost. ~-i5O shown
is a qualitative ranking of the surviva bil ity/ vuln erabi lity (SlY) character-
istics of the composite desi gns relative to the metal baselines. The est~-m ated life-cycle cost of the composite designs is shown as a plus or rr in-~t
delta from the estimated life-cycle cost of the baseline. Costs were esti-
mate d for a ut~lity class hel i copter in the 20,000-pound gross wei gh t cate-
gory . A service life of 10 ,000 fli ght-hours was assumed.

The weigh t and manufacturing cost estimates were developed on the basis of
comparable structures under development or in production with Sikorsky heli-
copter models . In some cases , data published in the studies of advanced
structural designs for medium utility transport helicopters (References 1
an d 2) was used for guidance. The ratings of S/V cnaracterist ics were ex-
tracte d from these two sources.

Overall , four of the composite designs were rated superior to the metal
baseline design from the standpoint of R~ 1 . In the case of the cock pit can-
opy, both composite designs were rated superior , wh ile for the transmission
support structure , neither composite design was rated su per ior . One of the
two composite designs for the rear fuselage and the stabilator were judged
to have better PV~~M characteristics than the metal baseline. In no case was
a composite design rated poorer overall than the metal counterpart.

All of the composite designs have l ower estimated weights compared to the
metal baseline designs. Four of the eight composite designs have a l ower
estimated manufac turing cost. In the case of the cockpit canopy , bot h com-
posite designs were judged less expensive to manufacture than a metal struc-
ture , while in the case of the transmissi on supoort structure , ne ither com-
posite design was judged less expensive than the metal counterpart.
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Figure 94. IJH-60A Transmission Support Structure
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Figure 95. Composite Transm ission Support Structure
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TABLE 60. SUMMARY OF ADVANCED DESIGN CONCEPTS
R&M/COST ASSESSMENTS

Composite Composite Metal
Structure/Evalua tion Factor Concept I Concept II Baseline

Cockpit Canopy

Weight (lbs.) 47 35 49
S/Vt + + Base
Manufacturing Cos t $4 ,600 $5,100 $5,200
Life—Cycle Cost Delta ** -$3,232 -$2,620 --

Stabilator

Weight (lbs.) 62 56 68
S/V + + Base
Manufacturing Cost $5,800 $6,600 $6,200
Life—Cycle Cost Delta -$4,040 +$3,620 --

Rear Fuselage

Weight (lbs.) 380 359 422
S/V + - Base
Manufacturing Cost $29,000 $55,000 $41,000
Ufe—Cycle Cost Delta -$19,356 .412,248 --

Transmissi on Support

Weight (lbs.) 88 83 110
S/V Same + Base
Manufacturi ng Cost $18,000 $19,500 $16,500
Life—Cycle Cost Delta .4 1 ,490 -4 3,010 --

* SJrvlvability/Vulnerab llity rating versus ‘asel ine
(+ = better; - = poorer)

** Estimated life—cycle cost reduction (-) or increase (+)
relative to basel ine , per aircraft 4
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Predicted life-cycle costs show reductions over the metal baseline costs for
those composite designs having lower estimated manufactur ing costs and in-
creases over the metal baseline costs for those composite designs having
higher estimated manufacturing costs. This illustrates the dominant influ-
ence of manufacturing cost in the life-cycle cost of airframe structures,

199

-j



PRELIMINARY R&M DESIGN GUIDELINES

This program represents the first comprehensive study 0-f the R&M implica-
tions of advanced composite structures for helicopters. While new knowledge
has been gained from this work and many R&M issues have been placed in per-
spective , further work remains to be done in the areas of damage tolerance
and damage mitigation techniques and field-level inspection and repair.
These requirements are discussed further in the Recommendations section of
this report.

When this additional R&D work has been accomplished and more actual service
experience wi th advanced composites has been acquired , the publ i cati on of a
formal R&~ guide for advanced composite structures design should be con-sidered . Meanwhile , some preliminary gui delines evolving from the current
state of the art can be established.

FLOW OF R&M ACTIVITY

Advanced composi te structures represent a relatively new field of technology
for helicopters . Less is known of the R&M characteristics of these struc-
tures than is known of most other areas of the aircraft where the technol-
ogy , while continually evolving, is relatively well-established. This sug-
gests that R&M in the design of advanced structures be approached somewhat
differently from general practi ces in R&1v1 engineering , at least until the
technology and level of experience reach that of other aircraft systems.

Preliminary Design Phase

Figure 96 outl ines the suggested flow of R&M engineering activi ty during the
preliminary desi gn phase. At the concept evaluation stage, an R&M assess-
ment is made of each design candidate using the technique outlined earlier
in this report. This yields a gross comparative assessment of R&M and life-
cycle costs and highlights potential R&M problems related to each concept.

Trade-off studies are conducted and R&M is weighed against other design
attributes such as producib litty, weight and manufacturing cost to arrive
at the optimum cost/performance solution . Design options i dentified by the
trade-offs are synthesized into a final design concept. At the conclusion
of this phase , R&M criteria for detailed design are established in the areas
of damage tolerance , serviceability and repairability . Figure 97 is an ex-
ample of the type of information generated from such a study.

Detailed Design and Development Phase

Figure 98 outlines the suggested flow of R&M activity during the detailed
design and development phase. Prior to the start of design , a detailed R&M
assessment is made of the final preliminary design concept. Areas of the
design appearing not to satify the established R&M criteria are discussed
and resolved with the designer. Where published data leaves uncertainty
about the probable performance of materials in service (damage tolerance,
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Figure 96. Flow of R&M Act ivities During Preliminary Design
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ROOF AREA MUST WITHSTAND STRUCTU~~ MUST BE
FOOT TRAFFIC AND IMP~~T ~Y 

DESIGNED SO THAT
DROPPED TOOLS. 80 1N.-LB DELAM INATIONS ANDMAX . IMPACT ENERGY. DISBONDS UP 10 3 IN.2/FT2

WILL REQUIRE NO REPAIR

CONDUCTIVE COATING
REQUIRED FOR
LIGH TNING PROTECTION

/
7 ACCESS PANELS MUST

WITHSTAND 1000 REM~ /AL/
INSTALLATION CYCLES1 
WITHOUT FASTENER DAMAGE

BAGGAGE COMPARTMENT CLIMBING ZONE MUST
MUST WITHSTAND 150 IN -LB WITHSTAN D REPEATED
IMPACT ON FLOOR AND WALLS 25 LB/IN.2 IMPACT

BALUSTIC DAMAG E UP TO
Ia.l rnm MUST BE FIELD
REPAIRA BLE ON-AIRCRAFT

UNDERSIDE DAMAGE CAUSED
BY LANDING ON GROUND
OBSTRUCTIONS MUST BE FIELD
R EPAIRABLE

FIgure 97. Typical Illustration of R&M Design Criteria
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Figure 98. Flow of R&M Activities During Detailed Design
and Development
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repa irability , etc.) small sample testing is conducted to resolve the issue ,
and a final selection of materials and configuration is made .

I

Functional evaluation of R&M characteristics is accomplished during develop-
ment testing . This activity includes durability-ty pe testing (door slamming,
repeated removal of panels and covers , simulated foot traffic and foreign
object impact , etc.) and repairab ility testing (repair of typical damage
and strength/durability testing of the repairs). Serious deficiencies are
scheduled for corrective action.

PRELIMINARY DESIGN GUIDELINES

Table 61 lists the potential R&M concerns related to advanced composite
structures that have been identified by this program. For each area of
concern , one or more possible design soluti ons are given.
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CONCL USIONS

Service experience with conventional airframe structures is not well
documented. Experience wi th advanced compos ite structures is very
limi ted and useful only for qualitative assessments of R&M.

2. The limi ted service experience with composites plus the results of
documented test programs have shown that advanced composites can be
designed to wi thstand the effects of the natura l environment. The
majority of failures will occur from external causes, primarily as a
result of damage by impact.

3. The R&M characteristics of advanced structures concepts can be assess-
ed qualitatively through a systematic analysis of material factors and
design factors. Areas of design concern are highlighted in the pro-
cess. Life-cycle costs can be estimated by comparing attributes of an
advanced concept with those of a baseline design for which equivalent
costs are known .

4. Ai rframe structures require minimal upkeep and repair during peacetime
operation of helicopters . The airframe has a high frequency of mainte-
nance , but the cost of maintenance is relatively low compared with oth-
er subsystems of the aircraft. Ltfe-cycle cost is dominated in most
cases by the manufactured cost of the structure.

5. Composites appear to have the potential for modest improvements in R&M
and life-cycle cost.

6. Based on the monolithic panel impact testing conducted under this pro-
gram , for equivalent thicknesses of material ,fiberglass rates as the
most damage tolerant , graphite the second most damage tolerant and Key-
lar slightly less damage tolerant. Sandwich construction has poorer
i mpact resistance than monolithic construction and tends to suffer re-
ductions in strength due to subsurface damage. Of the two types of
honeycomb , Nomex was shown to have better damage tolerance than alu-
minum .

7. Simple field-type repair methods were shown to be effective for many
types of routine impact damage.

8. Based on the test results , a thickness of .020 inch appears to repre-
sent a minimum gage for composites in applications where minor impact
is expected at some significant frequency.

9. Inspection and repair are among the important issues confronting the
introduction of advanced composite structures for helicopters . Repair
of combat damage is of particular concern . Further work will be needed
to develop techniques that are cost-effective and suited to the Army
field environment.
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RECOIIPIENDATI OHS

It is recomended that the Army conduct further work in the area of advanced
composite structures R&M specifically related to field-level inspection and
repair techniques . Two aspects of advanced composites repair have been
shown by this program to require further development. Simple , fast-cure
(quick-fix ) repairs are requi red for routine service-related damage. Im-
proved repairs of this type are needed, particularly for the advanced high-
strength compos ites such as graphite/epoxy .

The second aspect of repair requi ring further development is that of major
damage to prima ry structure . Repair of combat damage presents particular
problems in this regard . Techniques for repairing large area damage should
be explored, including the modular design concept proposed in this report.

Future work in advanced composite structures R&M should also include a
thorough exami nation of such related factors as improved damage tolerance
and damage mitigation techniques , and component serviceability criteria.
Field inspection methods and damage assessment techniques should also be
addressed.

It is recommended that the continuation of work in this area be associated
with the design and devel opment of a full-scale advanced composite structure
for a hel icopter. Ideally, the structure will be relatively complex so that
the range of R&M options can be exp lored and the results can be made gener-
ically applicable to a soectrum of aircraft structures.
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APPEND IX A
ENVIRONMENTAL EFFECTS DATA
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APPENDIX B
DAMAGE TOLERANCE AND REPAIRABILITY TEST RESULTS

TABLE B-i. MONOLITHIC PANEL IMPACT TEST RESULTS

Thickness/ Impact Damage
Specimen No. Material 

~~ (I
P
h) Damage Descri pt ion

.020-i Fiberglass/ 20 - Resin fracture bottom ply - .12 dia.
-2 Epoxy 30 - Fractured bottom ply - .12 dia.
-3 40 .075 Fractured both plies - .625 cross
-4 50 .140 Fractured both plies - .625 dia.

.040—i 20 - Resin fracture bottom 2 plies - .06 dia.
-2 30 - Resin fracture bottom 2 plIes - .12 dla.
-3 40 - Resin fracture bottom 3 plies - .12 dia.
-4 50 .014 Fractured all plies - .38 cross

.060-i 20 - Resin fracture bottom ply - .12 dia.
-2 30 - Fractured bottom plies ) .12 x .06
-3 40 - Fractured bottom plies ) .25 x .12
-4 50 - Fractured bottom plies , .31 x .18

.080-1 20 - Resin fracture bottom ply - .12 dia.
-2 30 - Resin fracture bottom ply - .18 dla.
-3 40 - Resin fracture bottom ply - .18 dia.
-4 50 - Fractured bottom ply - .18 dia.

.024-1 Graphite/ 20 .014 Fracture top ply - 1 in.lg.
-2 Epoxy 30 .019 Fracture top ply - 1 in. 1g.
-3 40 .076 Fracture all plies - .5 x 1.0 in.
-4 50 thru Panel split into 3 pieces

.040-1 20 - Slight bulge - bottom ply
-2 30 .007 Fracture bottom ply — 1 in. lg-
-3 40 .035 Fractured all plies - 4 tn . crack
-4 50 .048 Fractured all plies — .50 di a. top face

.056-i 20 - Slight fracture bottom ply - .5 In. 1g.
-2 30 - Slight fracture bottom ply - .75 In. 1g.
-3 40 .002 Slight bulge bottom ply - .50 ln .lg.
—4 50 .005 Fracture bottom ply - .50 in.lg .

.072-1 20 - Negligible crack bottom ply - 1 in.lg.
-2 30 - Negligible crack bottom ply - 1 in.lg.
—3 40 - Slight bulge bottom ply - 1 in. 1g.
-4 50 - Slight bulge bottom ply - i in.lg.

.020-1 Kevlar/ 20 - Resin fracture bottom ply .06 dia.
—2 Epoxy 30 .058 Fractured all plies , .75 in.cross
-3 40 .072 Fractured all plies , .50 in- cross
-4 50 .140 Fractured all plies , .87 ln.cross
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TABLE B-i (Concluded)

Impact Damage
Thickness! Material Energy Depth Damage Description
Specimen No. 

____________ 

(in-lb ) (inch) _____________________________________

.040-i Keviar! 20 - Resin fracture bottom ply .25 in dia.
-2 Epoxy 30 .019 Fractured all plies .50 in . cross
3 (cont’d) 40 .028 Fractured all plies .50 in. cross
-4 50 .043 Fractured all plies .75 in. cross

.060-1 20 - Resin fracture bottom ply .06 dia.
-2 30 - Resin fracture bottom ply .31 x .62
-3 40 .006 Resin fracture bottom ply
-4 50 .007 Resin fracture bottom ply .50 cross

.080-i 20 - No damage
-2 30 - Resin fracture bottom plies .06 x .25
-3 40 - Resin fracture bottom plies .38 cross
-4 50 — Resin fracture bottom plies .50 cross

.016-i Aluminum 20 .030 Dent, .25 dia.
-2 30 .046 Dent, .38 dia.
-3 40 .058 Dent, .43 dia.
-4 50 .070 Dent, .50 dia.

.025-1 20 .022 Dent, .18 dia.
-2 30 .029 Dent, .25 dia.
-3 40 .050 Dent, .31 dia.
-4 50 .064 Dent , .38 dia.

.032-i 20 .028 Dent, .06 dia.
-2 30 .032 Dent, .12 dia.
-3 40 .045 Dent , .18 dia.
-4 50 .050 Dent, .25 dia.

.040-i 20 .015 Dent, .06 dia.
-2 30 .020 Dent, .12 dia.
-3 40 .025 Dent , .18 dia.
-4 50 .046 Dent , .25 dia.
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TABLE B-.2. RESULTS OF MONOLITHIC PANEL DAMAGE ,
REPAIR AND TENSILE TESTS

Specimen Material ! Specimen Failure
Number Thickness Type Load (ib) Location of Failure

-1 Fiberglass! Control 4180 Gage Section
-2 Epoxy Control 4425 End of Doubler
-3 .040 Inch Control 4180 Gage Section
-4 Damaged 2105 Through Hole
-5 Damaged 2200 Through Hole
-6 Damaged 2280 Through Hole
-7 Repaired 3470 Through Patch
-8 Repaired 3780 1/2 inch beyond patch
-9 Repaired 3680 1 inch beyond patch

-i Kevlar/ Control 4220 End of Doubler
-2 Epoxy Control 5370 End of Doubler
-3 .040 Inch Control 4925 End of Doubler
-4 Damaged 2525 Through Hole
-5 Damaged 2240 Through Hole
-6 Damaged 2450 Through Hole
-7 Repaired 3060 Edge of Patch
-8 RepaIred 3960 Edge of Patch
-9 Repaired 3880 Edge of Patch

-1 Graphfte/ Control 4180 Under Doubler
-2 Epoxy Control 7905 End of Doubler
-3 .040 Inch Control 6450 Under Doubler
-4 Damaged 3250 Through Hole
-5 Damaged 4680 Through Hole
-6 Damaged 3450 Through Hole
-7 Repaired 5650 Patch Bond Failure
-8 Repaired 3900 Patch Bond Failure
-9 Repaired 5750 Patch Bond Failure

TABLE 8-3. RESULTS OF FIBERGLASS MONOLITHIC PANEL 60-INCH-
POUND IMPACT AND TENSILE TEST

Thi ckness / Spec imen Fa i lu re
Specimen No. Type Load (lb) Location of Failure

.080-1 Control 6710 End of doubler
-2 Damaged 6810 .25 in from doubl er

.060-i Control 5180 End of doubler
-2 Damaged 4680 Within gage section

.040-1 Control 3600 Within gage section
-2 Damaged 2890 Within gage section

.020-1 Control 1750 .50 in. from doubler
-2 Damaged 1566 1.0 in. from dou b ler
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TABLE B-4. SANDWICH PANEL IMPACT TEST RESULTS

Impact Damage
Thickness/ Material Energy Depth *Damage Description
Specimen No 

____________ 

(in-lb) (inch) _____________________________________

.020-1 FIberglass 20 .056 Dent, .80 in. dia.
—2 Facing! 30 .072 Dent , .75 In.dia.
-3 Al umInum 40 .125 Fracture in form of a cross .62 dia.
-4 Core 50 .165 Fracture In form of a cross .75 dla.

.030-1 20 .020 Dent , .312 in. dia.
-2 30 .050 Dent, .500 in. dia.
-3 40 .070 Fracture in form of a cross .50 di a.
-4 50 .080 Fracture in form of a cross .62 dia.

.040—i 20 .023 Dent, .12 in. d ia.
—2 30 .037 Dent , .25 in. dia.
-3 40 .042 Dent, .312 in. dia.
-4 50 .047 Dent, .38 in. dia.

.020-1 Fiberglass 20 .020 Dent, .12 in. dia.
-2 Facing/ 30 .027 Dent, .18 in.dia.
-3 Nomex 40 .064 Fracture .38 dia.
-4 Core 50 .088 Fracture In form of a cross .62 dia.

.030—i 20 .005 Resin fracture (slight dent) .12 in. dia.
—2 30 .012 Resin fracture (slight dent) .18 in.dia.
-3 40 .042 Fracture in form of a cross .50 in. dia.
-4 50 .064 Fracture in form of a cross .38 in.dia.

4 .040-1 20 .004 Resin fracture .12 in. dia.
-2 30 .006 Resin fracture .18 in. dia.
-3 40 .008 Resin fracture .18 in.dia.
-4 50 .010 Resin fracture .25 in. dia.

.024-1 Graphite 20 .038 Dent .38 in. dia .
-2 Facings! 30 .100 Fracture .80 in. dia .
-3 Al uminum 40 .100
—4 Core 50 .112 Fracture .50 in x .38 in.

.032—1 20 .024 Dent, .25 in. dia.
-2 30 .060 Fracture .31 in. dia.
-3 40 .090 Fracture .38 In.dia.
-4 50 .105 Fracture .43 in.dia.

.045-1 20 .010 Dent , .12 in. dia.
-2 30 .042 . Dent , .18 in. dia.
-3 40 .052 Fracture .25 in. dia.
-4 50 .058 Fracture .38 in. dia.

.024-1 Graphite 20 .012 Dent , .12 in. x .25 in.
-2 Facings! 30 .028 Crack , 3/4 in. 1g.
-3 Nomex 40 .070 Fracture .38 in. dia.
-4 Core 50 .096 Fracture .25 in. x .50 in.

*A11 damage in top faces
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TABLE 8-4 (Continued)

Impact Damage
Thickness ! Material Energy Depth 4.Damage Description
Specimen No (in-lb) (inch)

.032-i Graphite 20 .005 Dent, .18 in. dia .
-2 Facings! 30 .015 Dent, .25 in .dia.
..3 Nomex 40 .030 Dent, .31 in. dia.
-4 Core 50 .040 Dent, .38 in. dia.

(Cont’d)
.045-i 20 .003 Slight dent .06 in dia.

-2 30 .007 Dent, .12 in. dia.
-3 40 .029 Dent, .31 in. dia.
-4 50 .030 Dent, .25 in. x .38 in

.020-i Keviar 20 .020 Dent, .25 in. dia .
-2 Facings! 30 .088 Fracture, .38 in. dia.
-3 Aluminum 40 .145 Fracture,.50 in.cross
- . Core 50 .242 Fracture , .75.in cross

.030-i 20 .070 Dent, .25 in dia.
-2 30 .078 Fracture, .38 in. dia.
-3 40 .105 Fracture , .50 in .cross
-4 50 .180 Fracture , .6 in. cross

.040-1 20 .025 Den t, .25 in dia.
-2 30 .060 Fracture .38 in. cross
-3 40 .084 Fracture .50 in.cross
-4 50 .092 Fracture .50 in. cross

.020-1 Kevlar 20 .013 Dent, .12 in . dia.
-2 Facings! 30 .010 Fracture .50 in. dia .
-3 Nomex 40 .068 Fracture .62 in- cross
-4 Core 50 .084 Fracture .75 in. cross

.030-1 20 .020 Dent , .18 in. dia.
-2 30 .045 Fracture .4 3 in . cross
-3 40 .055 Fracture .50 in. cross
-4 50 .078 Fracture .62 in. cross

.040-i 20 .016 Dent, .18 in. dia.
-2 30 .035 Fracture .50 in. cross
-3 40 .054 Fracture .50 in. cross
-.4 

— -— 
50 .060 Fracture.62 in. cross

.016-i AlumInum 20 .044 Dent, .25 in. dia.
-2 Facings/ 30 .064 Dent, .31 in . dia.
-3 Aluminum 40 .074 Dent, .38 in dia.
-4 Core 50 .090 Dent, .43 in . dia .

*Al ) damage In top faces
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TABLE B-4 (Concluded )

Impact Damage
fl~ickness/ P~aterial Energy Depth 4.flamaoe Description
Thecimer_~o~ (in— lb) (inch) ________________________________

.020-1 Aluminum 20 .047 Dent, .18 in dia.
-2 Facings! 30 .064 Dent , .25 in . dia.
-3 Aluminum 40 .077 Dent , .31 in. dia.
_4 Core 50 .085 Dent, .31 ir dia.

(Cont’d)
.032-1 20 .042 Dent, .12 ii. dia.

-2 30 .045 Dent, .18 in. dia.
-3 40 .044 Dent, .25 ir dia.
-4 50 .065 Dent , .38 ~n .dia.

.016-1 Alu m inum 20 .050 Dent , .18 in. dia.
-2 Facings! 30 .066 Dent, .25 in.dia.
-3 Nomex 40 .079 Dent, .25 in. dia.
-4 Core 50 .089 Dent, .38 in .dia.

.020-1 20 .034 Dent, .18 dia .
-2 30 .055 Dent , .18 dia.
-3 40 .074 Dent, .25 in. dia.
-4 50 .080 Dent, .25 in. dia.

.032-1 20 .026 Dent, .12 in. dia.
-2 30 .032 Dent, .18 in. dia.
-3 40 .046 Dent, .18 in. dia .
-4 50 .050 Dent, .25 in. dia .

4.Al1 damaae In top faces
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TABLE B-5. RESULTS OF SANDWICH PANEL IMPACT AND BEAM SHEAR TESTS

Spec I men
Thickness ! Material Specimen Failure
Number Type Load (lb) Remarks

.020-i Fiberglass Control 264 Top facing fracture & core crush
Facings! across load point .

-2 Nomex Damaged 94 Top facing delamination & core
Core crush .

-3 Repaired 300 Core shear at end of patch .
.030-1 Control 332 Bottom facing fracture at load

point - Core crush between re-
action points .

-2 Damaged 157 Top facing fracture , core crush
across load point.

-3 Repaired 350 Core shear at end of patch-
.040-i Control 345 Core crush across load point S

-2 Damaged 225 Bottom facing break at one
reaction point and core crush.

-3 Repaired 255 Bottom face and core fracture
__________ __________ __________ 

at load point .
.020-1 F1berglas~ Control 318 Core shear.

-2 Facing! Damaged 122 Top face and core crush at
Alum inum load point.

-3 Core Repaired 215 Upper face fracture and core
__________ __________ 

failure at end of patch .
.030-1 Control 321 Bottom face and core crush

at one reaction point.
-2 Damaged 205 Top face and core crush at

load paint .
-3 Repaired 340 Total fracture at load point.

.040-1 Control 356 Bottom face and core crush
between reaction points .

-2 Damaged 262 Bottom face and core crush
between reaction points .

-3 Repaired 390 Bottom face and core fracture
__________ _________ __________ __________ 

at end of patch .
.024-1 Graphite Control 417 Top face and core fracture

Facings! between load points .
-2 Nomnex Damayed 175 Top face and core fracture

Core between loa d points .
-3 Repaired 645 Upper face fracture at end

of patch and core crush under
___________ ___________ patch .

.032-1 Control 634 Top face and core fracture
between l oad points .

-2 Damaged 250 Top face and core fracture
between load points .

-3 Repaired 660 Bottom face fracture at end
of patch & core crush under

____________ ____________ Datch .
.040-1 Control 674 *Bottom face & core failure

between load points .
.2 Damaged 416 Top face & core failure

between load points .
-3 Repaired 642 Upper face fracture at end of

___________ ____________ ____________ 
patch and core crush under patch

*Also core separation from facing
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TABLE B-5 (Continued)

Specimen
Thickness! Material Specimen Failure
Number 

_________ 

Type Load (lb) Remarks

.024-i Graphite Control 623 *Bottom face and core fa i lure
Facings! between load points .

-2 Al uminum Damaged 346 Top face and core failure
Cc -c between load points .

-3 Repaired 710 Bottom face and core fracture
_________ _________ 

at end of patch .
.032-1 Control 683 *Bottom face and core failure

between load points .
-2 Damaged 356 Top face and core failure

between load points .
-3 Repaired 765 Bottom face and core fractu re

_____ __________ at end of patch.
.040-1 Control 644 Top face and core failure

between load points .
-2 Damaged 514 Top face and core faflure

between load points.
-3 Repaired 747 Bottom face and core fracture

__________ _________ __________ __________ at end of patch .
.020-i Kevlar Control 123 Top facing crease and core

Facings! failure at center.
-2 Nomex Damaged 64 Top facing crease and core

Core fa i lure at center.
-3 Repai red 149 Upper face and core fracture

_________ _________ 
at end of patch .

.030-1 Control 176 Core shear.
-2 Damaged 94 Top facing crease and core

failure at center.
-3 RepaIred 198 Upper face and core fracture

__________ __________ at end of patch.
.040-i Control 236 Core shear.

-2 Damaged 169 Top facing crease and core
failure at center.

-3 Repaired 258 Upper face and core fracture
__________ _________ __________ __________ ..~iend of patch.

.020-1 Keviar Control 144 Core shear.
-2 Facings! Damaged 64 Top facing crease and core

Aluminum failure at center.
_ 3 Core Repaired 160 Upper face and core fracture

__________ __________ at end of patch .
.030-1 Control 192 Top facing crease and core

failure at center.
-2 Damaged 108 Top facina crease and core

failure at center.
-3 Repaired 200 Upper face and core f”acture

-__________ __________ at end of patch.
.040-1 Control 266 Core shear.

-2 Damaged 157 Top fac ing crease and core
failure at center.

-3 
__________ 

RepaIred 320 Core shear - No facing failures .

*A lso core ~!Parat10fl from facing
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TABLE B-S (Concluded)

Specimen
Thickness! Material Specimen Failure
Number Type Load (lb) Remarks

.0i6-i Aluminum Control 175 Top face buckle and core
Facings! failure at one load point.

-2 Nomex Damaged 175 Top face crease and core
Core failure between load points.

-3 Repaired 275 Beam bending - stopped at
__________ — 275 lb.

.020-i Control 307 Top face buckle and core
failure between load points .

-2 Damaged i3i Top face buckle and core
fa i lure between loa d poin ts.

-3 Repaired 350 Top face crease and core
__________ __________ failure at oatch end.

.032-1 Control 492 Top face crease and core
failure at one load point.

-2 Damaged 304 Top face crease and core
buckle between load point.

-3 Repaired 545 Top face crease and core
__________ __________ _________ _________ failure at patch.
.016—1 AlumInum Control 267 Core shear.

-2 Facings! Damaged 154 Top face crease and core
Aluminum failure between load points .

-3 Core Repaired 300 Beam bending - stopped at
__________ __________ 300 lbs .

.020-1 Control 298 Core shear .
-2 Damaged 199 Top face crease and core

failure between load point.
-3 Repaired 358 Bottom face and core failure

__________ _________ at oatch.
.032-1 Control 462 Top face crease and core

failure at one load point.
.2 Damaged 330 Top face crease and core

failure between load points .
-3 Repaired 575 Top face and core failure

1 In . before end of patch.

*Als o core separation from facing
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APPENDIX C
DETAILED R&M ANALYSIS

O F A  KEVLAR SKIN-SKE ON REAR FUSELAGE DESIGN

WORKSHEET #R1
DAMAGE POTENTIAL ASSESS MENT
Structure : Rear Fuselage Kevlar Sk in — Skeleton

Appl ication : Utility aircraft ; combat environment

Hazard Hazard Damage
Env ironmental Hazard Frequency Exposure Potential

Vibration H i gh Low Mo der.

Airborne Particles /F.O.0. Low Neg . --

Foot Traffic Hiç h Lc~ Moder .

Dropped Tools/Parts 
~oder. Low Lcw

Dropped/Shifting —

Cargo/Stores Moder. Moder. \, Moder .

Door Slanring Low N/A --

Rough Handling Low N/A - -

Bird Strikes Low Neg. --

Impact wi th Terrain Objects Moder . High High

Work Stands! -

Ground Vehicles Low Low --

Ballistic Impacts Moder . Moder. P~ioder.

Corrosive Elements Moder. High High

Rate for Type Aircraft , IM ission & Environment
(See Guide t Gi)

Rate for Type Structure , 
___________

Locat~or & Protecti on 
—

(See ~uide ‘ G2~
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WORKSHEET #M1 [Structure : Rear Fuselage ; Keviar Skin
REPAIRABILITY ASSESSMENT Skeleton

Types of Repa ir

Sta ndard Com p lex Custom.
Facto r Field Repair Repair Enginee red No Repair

Repair
— Lx

Load Intensity Light to Moderate Heavy HeavyMode rate to Heavy

L... L~ comp iex L
Fla t/Single Single/Double Shape !Shape/Con tou’

0 Curvature Curvature Contour !
U BuildupI .’  _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _

‘0 ix I
C Interface Constraint Few Some Many

U L_... irstegrany1_~Mono li thi c StiffenedSkin/Web Form Sa ndw i ch Sheet

L Lx
Stiffener! Open Section Closed SectionFrame Fors’-

Stock! Special L Spec i al L.
Rep ai ’- M aterials Bulk Items Ki ts Storage,’

Handl ing

Controlled L Clea n L.
U Environmenta l Fi eld Roo mRequirements Environment Environment ConditionsU
U

‘0 — - - — — --—-—- -—__________

1 0 )
Sta ndard Special Factory TypeC Tools and Equi pment Field Type Field Type

Personnel Skills Low Intermediate~~~ High
Skill Level Skill Level Skil l Level

A ircraft I Intermediate 1 Transmiss ion 1
Longeron SupportI Typical Component Skin /Fai ring FrameI Beam

This st r uctu re Standard L___1 Comp lex Custom L._I
Engineered ~on.Repai raWill P,~-~u ’ re —*“ Field ~epa 1r Repair 

~ 
Repa ir IPr imaril y I 

______________ _____________________________
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WORKSHEET #112 Structure : Rear Fuselage ; Keviar Skin - 1
REPLACEABILITY ASSESSMENT [ Skeleton

S imp le Comp lex
Fac tor F i el d F i eld Depot No

Rep lace men t Rep lacement Rep lacement Rep lacement

Simple L_ Semi- I...?i Custom [_ Integ ral LMolded !
Type of Joint Bolted Permanent Fitted! Machined

Joint Fasteners Shimed St ructu re

M i nor L Ma jor L Major h
Obstructions Parts and Components Components!
and Interfaces Components Plumbing !

_____________________ ______________ ______________ 
Wiring

L~Jigs and Fixtures None Field Type Factory Type

Small ! L Large! L Large!Spares Inexpens i ve Inex pens i ve Ex pens iv e

Aircraft Downtime Low Moderate Extensive

_ _ _ _ _  I _ _ _  _ _ _  _ _ _  _ _ _

Fairing ! Tail Cone Rear Fuselage Transmission
Typical Component Door Support Beam

Simple L_ Complex
Non-

Replacement ~~~~~~~~~~~~~~~~~ Re p laceable
Structu re is—~ Field Field

Rep lacement

234



WORKSHEET #M3
MAINTA INAB ILITY ASSESSMENT

Structure: Rear Fuselage ; Keviar Skin - Skeleton

Factor Good Fair Poor

L~ Obstructed/’Accessi bility Both Sides One Side Inaccessible

L~Ins pectabi lity Visual Portable NDT Shop NDT

Re pa i r ab i l i t y Standar d~~ Complex 1 Custom- L
(Worksheet #Ml ) Field Repair Engineered

_______________________ 
Repair 

______________ 

Repair

Level of Repair On Aircraft Field Shop Depot

Easy L... Di fficult L..... I.!Replaceabi lity Field Field Depot(Worksheet #M2) Replacement Replacement Replacement

L~ L
Expendability Low Cost Moderate Cost High Cost

Overal l
Ma intainability Good Fair Poor 

L
Rating —*
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